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ABSTRACT 
 
 
This thesis reports a series of investigations examining external corrosion 
processes along gas transmission pipelines. TransCanada PipeLines Ltd. (TCPL) has 
developed six proposed corrosion scenarios to describe external pipeline corrosion, based 
primarily on corrosion products and corrosion rates (CRs) observed at field sites.  The six 
proposed corrosion scenarios can be divided into two groups: abiotic and biotic. The 
three abiotic corrosion scenarios are (1) anaerobic corrosion, (2) aerobic corrosion, and 
(3) anaerobic corrosion turning aerobic; while (4) anaerobic corrosion with microbial 
effects, (5) aerobic corrosion turning anaerobic with microbial effects, and (6) anaerobic 
corrosion with microbial effects turning aerobic comprise the three biotic corrosion 
scenarios. 
The primary objective of this project was to develop a series of laboratory-based 
corrosion mechanisms in order to validate the six proposed corrosion scenarios. The 
approach used was to electrochemically monitor the evolution in corrosion behaviour of 
steel exposed to simulated groundwaters anticipated near exposed pipelines. The primary 
electrochemical techniques used were corrosion potential (ECORR) measurements to 
monitor redox conditions, linear polarization resistance (LPR) measurements to calculate 
CRs, and electrochemical impedance spectroscopy (EIS) measurements to monitor 
changes in steel/film properties.  A secondary objective was to match corrosion products 
(i.e., “rusts”) produced electrochemically to those reported from field investigations using 
surface analytical techniques.  Scanning electron microscopy (SEM) and optical 
microscopy were used to analyze corrosion product morphologies, while elemental 
 iv 
composition and iron phase identification were examined by energy dispersive X-ray 
(EDX) spectroscopy and Raman spectroscopy, respectively. 
Reports indicate that seasonal variations in the water table can alter the 
distribution of anaerobic and aerobic sites, which can be particularly damaging to 
pipeline integrity.  Anaerobic corrosion is associated with wet soil conditions and is the 
most prevalent corrosion scenario observed in the field.  To understand steel-oxygen 
interactions, the influence of traces of dissolved oxygen on pretreated steel was 
investigated.  Adventitious oxygen was found to initiate a slow evolution in film 
properties on pretreated steel leading to a drastic film transition (i.e., a rapid rise in ECORR 
coupled to a large increase in CR).   
Should soils dry, oxygen tends to diffuse more readily through the soil to the pipe 
surface and drives steel corrosion.  To better understand the effect of changes to redox 
conditions on pipelines, long term corrosion measurements were made by monitoring the 
changes in corrosion behaviour of pretreated carbon steel under alternating anaerobic-
aerobic cycles.  With increasing cycle number the corrosion process becomes localized at 
a small number of locations, consistent with the formation of tubercles.  As expected, 
periods of aerobic corrosion were associated with more positive potentials and higher 
CRs; whereas anaerobic corrosion yielded more negative potentials and lower CRs.  
Microbially induced corrosion (MIC) is particularly damaging to pipeline 
integrity as soils containing microbes generate sulphide, which can significantly alter the 
groundwater chemistry.  Difficulties in simulating complex field conditions in the 
laboratory have meant that only a limited number of experiments have accurately 
characterized the complex chemical and biological interactions between bacteria and 
 v 
steel.  Several biological microcosms were investigated to further understand how 
variations in nutrient levels affect steel-microbe interactions.  Raman analyses indicated 
mackinawite (Fe1+xS) was the dominant iron sulfide phase formed both by microbes and 
inorganic sulphide. 
In order to avoid biological complications, and to improve our understanding of 
Fe-S interactions, inorganic HS
–
 was used as a model system to aid in the interpretation 
of steel undergoing MIC.  A series of five corrosion potential measurements investigated 
the effect of variations in redox conditions and inorganic sulphide concentration on the 
corrosion behaviour of pretreated and untreated carbon steel.  Field reports have indicated 
the highest CR expected for external corrosion occurred when pipelines, initially under 
anaerobic MIC control, transformed to aerobic corrosion.  The laboratory results support 
field sampling methods as the highest CRs observed occurred when both sulphide and 
oxygen were present.  In addition, under anaerobic conditions with sulphide, CRs were 
lower for freshly exposed steel compared to anaerobically pre-corroded steel.  This 
suggests pre-corroded surfaces prevent the formation of passivating iron sulphide films. 
 
 
Keywords:  Carbon Steel, Pipelines, Corrosion Product, Corrosion Rate, Anaerobic, 
Aerobic, Microbially Induced Corrosion, Sulphide, Oxide, Electrochemistry 
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Chapter 1  
INTRODUCTION 
1.1 Project Outline 
 
Pipeline integrity is a basic requirement for the commercially successful operation 
of an oil or gas transmission system.  Because of its low cost, and the very large amount 
of material required, carbon steel is used for pipeline fabrication [1-7].   For TransCanada 
PipeLines Ltd. (TCPL), external corrosion accounts for roughly 38% of the structural 
integrity problems along their ~ 60,000 km of pipeline [2] (see Figure 1.1).  Corrosion 
generally occurs when coatings disbond, exposing the steel to the groundwater and, 
depending upon the type of coating, shielding the steel from cathodic protection (CP) [1, 
2, 8].  Once this happens the rate of corrosion leading to pipeline degradation, and  
 
 
 
 
 
 
 
 
FIGURE 1.1 Major Natural gas pipelines in Canada (National Energy Board of Canada, 
Annual Report 2008). 
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possibly failure, depends on the environment at the pipe surface under the disbonded 
coating. 
CP is a cost effective means to protect buried pipes. Applied CP potentials are 
controlled via an above ground rectifier. Essentially, the rectifier electrochemically 
connects the pipe to an impressed, or “sacrificial”, anode buried in the ground.  A 
negative potential is applied to the steel, in order to divert corrosion that would normally 
occur on the steel, to the anode.  Particularly for older pipes, where shielding coatings 
were applied to protect the steel, when coatings disbond adequate CP levels cannot  
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1.2: (a) Application of CP protects the steel from corrosion damage.  (b) 
Shielding coatings prevent adequate CP penetration to the steel 
surface, rendering the steel susceptible to corrosion. 
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penetrate to the steel surface, rendering the steel susceptible to corrosion.  Figure 1.2 is a 
schematic illustrating a CP system. 
The nature of the corrosion process is commonly deduced from analyses of the 
corrosion products on specimens taken in the field from a particular site [1].  Based 
primarily on these field investigations [1, 9], but also on laboratory studies [7], six 
proposed corrosion scenarios have been identified for pipeline steels [1, 2]: these are 
listed in Table 1.1.  Each scenario observed in the field has an associated corrosion type 
(e.g. general corrosion, pitting, or a combination thereof), as well as its own corrosion 
rate (CR) and distribution of corrosion products. 
 
Table 1.1: The six proposed corrosion scenarios on pipeline steels, their observed field 
frequencies, and the associated corrosion product(s) and corrosion rates (CR) [1, 2].   
Corrosion Scenario Frequency (%) 
Corrosion 
Product(s) CR (μm/yr) 
Primary anaerobic 29 FeCO3 10 
Anaerobic MIC* 27 FeS 200 to 700 pitting 
Anaerobic to aerobic 21 FeCO3 under Fe3O4 / Fe2O3 
10 to 300 
Anaerobic MIC to 
aerobic 17 
FeS, S8, and 
Fe(III) oxides 
2 000 to 
5 000 
Primary aerobic 3 Fe3O4 / Fe2O3 40 to 200 
Aerobic becomes 
Anaerobic MIC 3 FeS2 ? 
* Microbially induced corrosion. 
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1.1.1 Project Motivation 
Figure 1.3 shows a histogram of the primary causes of pipeline ruptures. Internal 
and external corrosion continues to be a costly integrity concern for TCPL.  Although 
stress corrosion cracking (SCC) tends to have a higher public profile [10], more resources 
are directed towards the control of external corrosion primarily in the development and 
application of CP programs.  Improvements to the understanding of the corrosion threat 
could result in significant cost savings in these programs. 
 
 
 
 
 
 
 
 
 
FIGURE 1.3: Primary causes of pipeline ruptures as reported by industrial/government 
regulators. Acronyms stand for: European Gas Pipeline Incident Data 
Group (EGIG); National Energy Board (NEB); Energy and Utility Board 
(EUB); and Office of Pipeline Safety (OPS) [10]. 
 
The electrochemical basis for external pipeline corrosion is well established [7, 9, 
11, 12], but a detailed mechanistic understanding of the six proposed corrosion scenarios 
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[1, 2] is required to ensure the proper management of external corrosion.  Prior TCPL 
projects have developed a framework for the implementation of a mechanistic external 
corrosion model and have determined some of the necessary input data via 
electrochemical studies of the various corrosion scenarios.  However, additional input 
data is required to support a broadly based electrochemical corrosion model applicable to 
the wide range of soil types, moisture contents, and groundwater conditions found on the 
integrated TCPL gas transmission pipeline system [12], Figure 1.1. 
A mechanistically based corrosion model could be used to predict spatial and 
temporal variations in the CR, and be implemented through models that predict pipeline 
integrity.  A major advantage of an electrochemical corrosion model is that the effects of 
CP can be easily implemented, as potential or current demand would be one of the major 
model parameters.  Thus, the cost benefit of improving CP systems could be 
quantitatively assessed and compared against alternative strategies such as defect 
management. 
 
1.1.2 Thesis Objectives 
The overall research goal of this thesis is to investigate the details of corrosion 
under different conditions, particularly those encountered for anaerobic to aerobic cycling 
and microbially induced corrosion (MIC), to complement the field sampling approach by 
providing a mechanistic basis for the six proposed corrosion scenarios in an attempt to 
rank soil conditions in terms of the expected CR [1]. The proposed six corrosion 
scenarios can be divided into two groups: abiotic and biotic. The three abiotic corrosion 
scenarios are (1) anaerobic corrosion, (2) aerobic corrosion, and (3) anaerobic corrosion 
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turning aerobic; while (4) anaerobic corrosion with microbial effects, (5) aerobic 
corrosion turning anaerobic with microbial effects, and (6) anaerobic corrosion with 
microbial effects turning aerobic, comprise the three biotic corrosion scenarios [1, 2].  
The overall thesis objectives are as follows: 
• the development of scenario-specific corrosion mechanisms; 
• the identification of the associated corrosion product deposit for a specific 
corrosion scenario;  
• the matching of laboratory CRs to field values; 
• the development of an understanding of the influence of nutrient levels on 
steel-MIC interactions; 
• a comparison of the effects of variations in anionic groundwater 
concentration, redox conditions, and sulphide concentration on steel 
corrosion behaviour. 
 
1.2 Carbon Steel Corrosion in Non-Sulphide Containing Environments 
 
1.2.1 Thermodynamics of the Iron/Water System 
Since carbon steel is an iron-based material, an analysis of the thermodynamics of 
the iron/water system is useful to assess the oxidation and reduction reactions possible at 
a given pH and potential.  Zhang et al. have recently discussed the possible iron reactions 
based on thermodynamics, and reviewed the fundamental electrochemical behaviour of 
carbon steel in simple borate solutions at pH 10.6 [13].  On pipelines, and in the presence 
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of groundwaters, anodic Fe2+ dissolution can occur in the vicinity of the disbonded tape 
coating: 
 
Fe → Fe2+ + 2e–       (1.1) 
 
Thermodynamically, it is possible to form a passive film on the steel surface as the 
solubility of iron oxides/hydroxides decreases in the order [13]: 
 
Fe(OH)2  >  Fe3O4 >>  Fe2O3      (1.2)  
  
Figure 1.4 summarizes the equilibrium potentials for important electrochemical 
reactions possible on iron in water and illustrates the complexity of the possible 
oxide/hydroxide system.  While the diagram applies to a pH of 10.6, whereas 
groundwaters are typically near-neutral, it can act as a reference point for interpreting 
some of the observed corrosion products.   Fe2+ dissolution is observed over the potential 
range from –900 mV to –600 mV (all potentials are referenced to the saturated calomel 
electrode [SCE], +241 mV vs. the standard hydrogen electrode [SHE], unless otherwise 
noted), when the formation of Fe(OH)2 and Fe3O4 is also possible.  Mechanistically, 
Fe3O4 may be formed either directly from iron or via Fe(OH)2 as an intermediate. Over 
the potential range from –500 mV to 0 mV, Fe2+ or Fe(OH)2 can be oxidized to form 
various ferric species (e.g. maghemite [γ-Fe2O3], lepidocrocite [γ-FeOOH] and possibly 
goethite [α-FeOOH] [13]).  Solid state film conversion may also occur via 
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FIGURE 1.4: Equilibrium potentials for the Fe/H2O system. The short vertical lines 
indicate equilibrium potentials for a given redox pair at pH = 10.6 and 
25ºC. The diagonal arrows represent possible non-electrochemical 
processes [13]. 
 
the transformation of magnetite (Fe3O4) to maghemite, which can occur rapidly, as both 
phases share a similar crystallographic inverse spinel structure [13].  Uniform film 
formation may not happen as film transformation processes (e.g. Fe(OH)2 → α-FeOOH) 
are accompanied by changes in iron oxy-hydroxide volumes, which could lead to film 
breakdown and a surge in metal dissolution [13]. 
 While the data at pH 10.6 illustrates the different regions of behaviour, it is 
calculated for a pure water system.  However, groundwaters to which the pipeline steel 
will be exposed will have a lower pH and contain anions, in particular Cl−, CO32−, and 
SO42−, which are likely to have a significant influence on corrosion behaviour [1, 2].  Of 
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these anions, bicarbonate is most likely to accelerate Fe2+ dissolution as well as produce 
additional surface deposits [1, 14, 15]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1.5: Pourbaix (E-pH) diagram of the Fe/H2O system, at 25ºC [16].  
 
 
Figure 1.5 shows an E-pH, or Pourbaix, diagram of the Fe/H2O system. This 
diagram shows that, within the normal pH range expected for groundwaters (i.e. pH 5.3 
to 7), the corrosion inhibiting phases, Fe3O4 and Fe2O3, are not predicted to be stable.  
For this reason alone CRs are expected to be high.  Carbonate, however, can moderate 
corrosion in this pH range by forming siderite, and it is likely to form in groundwaters. 
The E-pH diagram for Fe/H2O/HCO3– (Figure 1.6) shows that, as the pH is lowered, the 
FeCO3/Fe3O4/Fe2O3 phases become unstable, and hence CRs would be expected to 
increase since stable film formation would be avoided. 
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FIGURE 1.6: Pourbaix (E-pH) diagram for the Fe/H2O system in 5 × 10–2 mol L−1  
HCO3–. All other soluble species were set at a concentration of 1 × 10−6 
mol L−1. The diagram was created using OLI Corrosion Analyzer (v. 2.0). 
 
Figure 1.7 shows solubility-pH plots for Fe2+ and Fe3+ and indicates that Fe2+ will 
be soluble in the near-neutral pH range, while Fe(III) solids should be relatively 
insoluble.  Thus, under natural groundwater conditions (i.e. in the pH range of 5.3 to 7) 
passivity leading to low CRs is not expected. Thermodynamics would then be expected to 
influence the corrosion process primarily via solubility equilibria, and which phase(s) 
formed would depend on the composition and redox potential of the solution. 
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FIGURE 1.7: Calculated solubilities for hydrated FeII and FeIII species in water as a 
function of pH [17]. The pKa and pKsp values used for these calculations 
were taken from ref. [18]. 
 
Under anaerobic conditions, the E-pH diagram (Figure 1.6) shows Fe is unstable in H2O. 
This coupled to the high solubility of Fe2+ should lead to significant CRs.  In groundwater 
systems, the anion most likely to moderate solubility is HCO3– leading to formation of 
siderite (ksp = ~ 10–10.8) [19].  Under aerobic conditions the insolubility of the Fe3+ state 
will lead to the rapid formation of insoluble Fe(III) oxides/hydroxides, which would be 
expected to, at least partially, inhibit corrosion. 
 
1.2.2 Electrochemical Studies of the Iron/Water System 
While thermodynamic studies are useful in predicting stable species, they offer no 
kinetic information regarding how fast the redox reactions occur.  Recently, studies on 
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the corrosion products formed during potentiostatic and potentiodynamic experiments 
have been performed [13, 17].  During potentiodynamic experiments, between –800mV 
and –600 mV magnetite appears to be the kinetically favoured surface phase, while 
maghemite is the dominant phase between –500 and –200 mV (anaerobic, 25ºC, 1 x 10–2 
mol L–1 borate pH 10.6 solution) [17].  In addition, at high potentials (E > 400 mV), 
lepidocrocite was observed [13].  Weeklong potentiostatic experiments also demonstrated 
these products [17].  However, potentiodynamic experiments may not yield the same 
corrosion products as those formed during long term (i.e., six month) corrosion studies 
performed at ECORR. 
In an effort to mimic the anticipated groundwater conditions expected for long 
term nuclear waste disposal, Lee et al. monitored the ECORR of steel in mixed anionic 
solutions [20].  Figure 1.8 shows that the ECORR for carbon steel in mixed anionic 
solutions, lies between the equilibrium potentials for H2O/H2 and Fe2+/Fe, calculated 
assuming [Fe2+] = 10–6 mol L–1 and P(H2) = 1 atm [20]. For the first 400 hours of 
exposure the ECORR remained between –845 mV and –795 mV in mixed anion solutions 
under anaerobic conditions. The ECORR measurements indicate that anion type and 
concentration have only a minor influence on the corrosion potential except in extremely 
concentrated chloride solutions.  
 Anion type, however, significantly affects the nature of the corrosion product 
deposits.  Figure 1.9 shows SEM micrographs taken at the conclusion of a number of the 
ECORR experiments presented in Figure 1.8 [20].  In concentrated carbonate solution, a 
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FIGURE 1.8: Corrosion potential (ECORR) of carbon steel in various solutions.  Lines:  
(light grey) Solution I, 1.0 mol L–1 NaHCO3/Na2CO3, (medium grey) 
Solution II, 0.2 mol L–1 NaHCO3/Na2CO3 + 0.1 mol L–1 Na2SO4, (dark 
grey) Solution IV, 0.2 mol L–1 NaHCO3/Na2CO3 + 0.1 mol L–1 Na2SO4 + 
0.1 mol L–1 NaCl, (black) equilibrium potentials.  Dashes:  (light grey) 
Solution VI, 0.2 mol L–1 NaHCO3/Na2CO3 + 0.1 mol L–1 Na2SO4 + 2.0 
mol L–1 NaCl, (medium grey) Solution VIII, 0.2 mol L–1 NaHCO3/Na2CO3 
+ 0.1 mol L–1 Na2SO4 + 5.0 mol L–1 NaCl, (dark grey) Solution IX, 4.0 
mol L–1 NaCl [20]. 
 
deposit of cubic crystals covers the surface (Figures 1.9a).  This deposit was indentified 
as siderite by Raman spectroscopy and the steel established a low CR.  The corrosion 
product deposits formed in Solutions II and VIII, Figure 1.9b and 1.9c, possess a more 
compact morphology consistent with relatively low porosity and CR.  In Solution IX 
(Figure 1.9d), the polishing lines are clearly visible, consistent with a very low CR.  
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Figure 1.9: SEM images of carbon steel corrosion product deposits in (a) Solution I, (b) 
Solution II, (c) Solution VIII, and (e) Solution IX [20]. 
 
Raman spectroscopic analyses showed that a reduction in bicarbonate concentration and 
an increase in chloride concentration leads to a switch in dominant iron phase from 
siderite to a carbonate-containing green rust (GR(CO32–)) or sulfate-containing green rust 
(GR(SO42–)) and, to a lesser extent, Fe3O4 [20]. The appearance of green rust phases can 
be generally attributed to traces of oxidants (e.g. low levels of O2) [21-23].  As the 
majority of groundwaters near pipelines are anaerobic and contain low concentrations of 
carbonate/chloride/sulphate, based on Lee et al. [20], porous deposits of magnetite and 
siderite would be expected during pipeline corrosion. Under simulated anaerobic 
corrosion conditions, the authors chose potentials above the ECORR, between –750 mV 
b 
c 
a c d 
a 
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and –775 mV, in order to accelerate the growth of iron phases that could be identified 
using in situ Raman spectroscopy.  Based on their results, the following key points can be 
made: 
 
• In solutions in which carbonate is the dominant anion, siderite forms. 
 
•  In mixed anion-solutions containing carbonate/sulphate/chloride, in which 
carbonate does not dominate, a mixture of magnetite and siderite is 
formed. 
 
• The presence of traces of dissolved O2 can lead to the formation of green 
rusts (GRs). 
 
While electrochemical experiments attempt to simulate natural corrosion 
environments, the implicit assumption is that the potential applied in the electrochemical 
experiments would produce the same behaviour and iron phases as would occur in 
corrosion experiment at that corrosion potential (ECORR).  These experiments are relevant 
to understanding pipeline corrosion conditions since similar anions are found in 
groundwaters for non-sulphide containing environments; however the anion 
concentrations used by Lee et al. [20] are high relative to natural groundwaters.  The 
presence of oxygen is intriguing, however, as soils are expected to contain low levels of 
O2, due to seasonal variations in soil conditions. 
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1.2.3 Anaerobic Corrosion 
For TCPL, anaerobic corrosion accounts for 29% of all external corrosion sites 
examined, since soils surrounding pipelines are typically moist and maintain anaerobic 
conditions [1, 2].  Under these conditions, at near-neutral pH, the [H+] in aqueous 
solution becomes limiting, and H2O reduction at the steel surface (reaction (1.3)) is 
difficult requiring a significant overpotential: 
 
2H2O + 2 e– → H2 + 2OH–        (1.3) 
 
and is thought to be the rate limiting reaction [1].  Thus, anaerobic corrosion proceeds 
slowly at near-neutral pH.  Unfortunately, the literature provides conflicting 
interpretations regarding the reaction that controls steel corrosion under anaerobic 
conditions (i.e., whether the reaction is under cathodic or anodic rate control).  Under 
anaerobic conditions, iron dissolution is slow in the anticipated groundwater pH range of 
5.5 to 7 [1].  In addition, Smart et al. suggested that iron dissolution, within the pH range 
of 7.5 to 9, is rate determining [24-26].  Regardless, the anodic half reaction of steel 
corrosion typically proceeds according to reaction (1.3) 
 
Fe + 2H2O → Fe(OH)2 + 2e– + 2H+     (1.4) 
 
In this reaction, Fe(OH)2 is considered to be the primary corrosion product in the absence 
of sulphide.  Dilute groundwater species such as weak acids (e.g. carbonic acid), are 
expected to accelerate corrosion, by acting as an additional proton source [1]  
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2HCO3– + 2e– → H2 + 2CO32–     (1.5) 
 
and by complexing Fe2+ (see below). 
As expected from reactions (1.3) and (1.5), in the absence of O2, the 
corrosion/passivation of iron is greatly affected by the concentration of bicarbonate in 
solution [15, 20, 27, 28].  Studies in concentrated HCO3–/CO32– solutions show that iron 
carbonate (i.e. siderite, FeCO3) is the dominant corrosion product deposit formed.  
According to Davies and Burstein [29], and others [30, 31], the formation of FeCO3 
proceeds according to the following two mechanisms; 
 
Fe + HCO3– → FeCO3(s) + H+ + 2e–      (1.6) 
Fe + H2O → Fe(OH)2 + 2e–       (1.7) 
Fe(OH)2(s) + HCO3– → FeCO3(s) + H2O + OH–    (1.8) 
 
These observations are consistent with the electrochemical studies (section 1.2.2).   
Pipeline field analyses indicate that siderite (FeCO3), in the form of a milky white 
precipitate, is generally the major corrosion product deposit, since low concentrations of 
carbonate/bicarbonate anions are commonly found in the water, referred to as trapped 
waters [2], under disbonded coatings.  However, Fe2+ dissolution may be enhanced by 
complexation with HCO3– prior to precipitation as siderite, depending upon the pH and 
concentration of HCO3–/CO32– [30].   In fact, HCO3–/CO32– species have been shown to 
accelerate both the cathodic and anodic half reactions [32].  For these conditions CRs are 
generally < 10 μm yr−1 [2]. 
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Depending upon the anionic concentration in the groundwater and the redox 
conditions, corrosion products other than FeCO3 may also form.  As mentioned above, 
iron initially oxidizes to Fe(OH)2, but this is considered neither thermodynamically nor 
kinetically stable [33].  If the pH is slightly basic, magnetite can form directly (see E-pH 
diagram, Figure 1.5).  As a result, it is generally accepted that Fe(OH)2 will oxidize to 
Fe3+-containing corrosion products, such as magnetite, under anaerobic conditions.  Slow 
oxidation under conditions approaching anaerobic can lead to the conversion of Fe(OH)2 
to Fe3O4 [34, 35] via the Schikorr reaction [36] 
 
 3Fe(OH)2 → Fe3O4 + H2O + H2      (1.9) 
 
since sufficient time is available for Fe2+ to be incorporated into the inverse spinel crystal 
lattice [28, 35].   
Stroes-Gascoyne et al. [37] investigated the nature of deposits formed on carbon 
steel over a thirteen week period (at 25°C and 95°C) in nominally anaerobic 0.1 mol L–1 
NaClO4 in simulated clay pore waters.  Mixtures of α- and γ-FeOOH with minor amounts 
of β-FeOOH and Fe3O4 were obtained.  This range of compositions suggests some air 
exposure may have occurred prior to analysis by X-ray diffraction [37].  It was found 
that, with increasing temperature, Fe3O4 was formed at the expense of β-FeOOH.  King 
and Stroes-Gascoyne summarized the oxidation of iron as preferentially forming Fe3O4 
and Fe(OH)2 at low temperatures [33]. 
Figure 1.10, is a plot of CRs versus temperature under anaerobic conditions.  This 
data is a compilation of values reported in the review by  King and Stroes-Gascoyne, who 
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performed an extensive literature search as a means to assess the long term corrosion 
behaviour of carbon steel under the anaerobic conditions anticipated inside a failed 
nuclear waste disposal container [33].  With the exception of a few outliers, the carbon 
steel CR remains low (i.e., << 10 μm yr–1) in simulated groundwaters below 75˚C.  At 
elevated temperatures (i.e., > 75 ˚C) the CR rises by approximately one order of 
 
 
FIGURE 1.10: Anaerobic CRs compiled from a literature review of experimental data for 
carbon steel corrosion [33]. 
 
magnitude.  The main conclusion that can be drawn from the review of King and Stroes-
Gascoyne [33] is that the reported CR values are consistent with CRs reported for 
pipelines under anaerobic conditions (see Table 1.1), and, over the temperature range 
expected on pipelines, CR values are generally almost independent of temperature. 
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1.2.4 Anaerobic to Aerobic Corrosion 
Changes to the water table will alter the distribution of aerobic and anaerobic sites 
[38].  In an anaerobic soil, the water table is above the level of the pipe.  This increases 
the path length for O2 diffusion to the pipeline surface.  This is a slow process and O2 will 
tend to be consumed by various microbial reactions before it reaches the pipe.  In an 
aerobic soil, however, the water table may be only just above or even below the pipe.  In 
this case, O2 from the atmosphere diffuses rapidly through the unsaturated pores and the 
flux of O2 at the pipe surface is relatively high.  
Figure 1.11 summaries the phase transformations observed for different exposure  
 
 
 
 
 
 
 
 
 
 
FIGURE 2.11: Transformation of Fe oxides formed at pipeline corrosion sites [1]. 
 
environments on pipeline steel.  Aerobic corrosion is associated with ferric oxides, 
formed as hardened reddish/orange tubercles [1, 9], although similar oxides may be 
observed when anaerobic corrosion products are air oxidized during excavation/ 
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examination [1].  In practice, oxygen levels are limited as a result of changes  
in the level of the water table, and this generally favours mixed FeII/III oxide formation, 
(i.e., magnetite, Fe3O4) [1].  As an area surrounding the pipeline dries, slow oxidation via 
atmospherically introduced oxygen then leads to the formation of various ferric oxide 
deposits (e.g. γ-FeOOH and α-FeOOH).  These iron oxide transformations have been 
reported by Domingo et al. [28] who showed that rapid oxidation tends to form various 
ferric hydroxides. 
Reports indicate that the most severe corrosion damage occurs during alternating 
anaerobic to aerobic cycling [39, 40].   Pipelines buried in soils that convert from 
anaerobic to aerobic and exposed to carbonate-containing groundwaters, are typically 
covered in “snowy white” siderite corrosion tubercles speckled with deep reddish brown 
iron oxides [39], and pitting is often observed on the steel under these conditions.  
In addition to the pipeline industry, aerobic/anaerobic cycling is often observed 
for atmospheric corrosion [41] and in water pipe systems [42, 43].  Flowing water in 
pipes contains dissolved oxygen, whereas stagnant water is generally anaerobic, any 
dissolved oxygen having been consumed by steel corrosion and the conversion of 
accessible Fe2+ to Fe3+ [44].  Once the dissolved oxygen content reaches effectively zero, 
steel corrosion is controlled by a combination of H2O, HCO3–, and Fe3+ reduction 
reactions.  For an aged water pipe, Kuch showed that galvanic coupling between the iron 
pipe wall and its corrosion product deposits, magnetite and/or lepidocricite (γ-FeOOH), 
occurred [42, 43]. 
22 
 
The coexistence of exposed Fe and Fe3O4 in acidic solutions has also been shown 
to lead to the autocatalytic coupling of iron dissolution (reaction (1.1)) and the reductive 
dissolution of Fe3O4 [45-49], 
 
  Fe3O4 + 8H+ + 2e– → 3Fe2+ + 4H2O     (1.10) 
 
The coupling of reactions 1.1 and 1.10 leads to the generation of Fe2+ 
 
Fe3O4 + 8H+ + Fe → 4Fe2+ + 4H2O     (1.11) 
 
providing a mechanism for the replenishment of Fe3+ during subsequent aerobic periods 
(reaction (1.12)) and the maintenance of pore acidification (reaction (1.13)), 
 
  4Fe2+ + O2 + 2H2O → 4Fe3+ + 4OH–     (1.12) 
  Fe3+ + xH2O → Fe(OH)x(3-x)+ + xH+     (1.13) 
 
required to sustain the autocatalytic corrosion process within pores. This mechanism has 
been studied in more detail over a wider range of conditions by Stratmann et al. [41, 50-
53] and has been recently modelled by Hoerle et al. [54]. 
Rotating ring-disc studies by Armstrong and Coates [55] and potentiokinetic 
studies by von Fraunhoffer [56] in concentrated bicarbonate solutions (pH 8 to 10) 
suggest iron oxides or hydroxides (e.g. Fe3O4 or Fe2O3) may deposit and effectively 
passivate iron in the presence of low concentrations of dissolved O2.  Ishikawa et al. [57] 
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performed complementary research to Kuch [42, 43].  In the presence of soluble Fe2+, 
Ishikawa et al. proposed that most FeOOH phases tend to convert to Fe3O4 with the rate 
of transformation decreasing in the order of their solubility: β-FeOOH > γ-FeOOH >> α-
FeOOH.  This conversion slows down under oxidizing conditions, when α-Fe2O3 
(hematite) and γ-Fe2O3 (maghemite) formation are favoured [57]. Should the O2 
concentration deplete, in the presence of excess Fe2+, γ-FeOOH may transform into Fe3O4 
(pH > 7.3, 25ºC) as described by Tamaura et al. [58]: 
 
Fe2+ + 2 γ-FeOOH → Fe3O4 + 2H+      (1.14) 
 
via a proposed two-step process involving a deprotonation.   
Based on these results, there are two mechanisms by which oxide(s)/hydroxide(s) 
can be reduced during aerobic to anaerobic transitions: by Kuch’s galvanic process [42, 
43] and by the chemical process described by Ishikawa et al. [57]. These studies suggest 
that, should O2 levels deplete in soil, the reduction of reactive ferric phases will support 
the corrosion process [45-47, 50, 52, 54, 59].   
Based on Mossbauer results, Stratmann and Hoffman identified γ-FeOOH as the 
predominant active Fe3+-containing oxide available for reduction during wet/dry cycles 
[52].  The authors point out that, in the absence of O2, γ-FeOOH may be partially reduced 
to an FeII-containing oxide similar in structure to Fe(OH)2 [52].  While conversion from 
γ-FeOOH to Fe(OH)2 appears reversible, reduction of Fe3O4 and α-FeOOH to form 
Fe(OH)2 is not likely [52]. 
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1.3 Carbon Steel Corrosion in Sulphide Containing Environments 
 
1.3.1 Anaerobic Corrosion with MIC 
MIC of metals is an intrinsic problem for many industries, particularly gas 
transmission pipelines [1, 2, 9, 60] since it causes maintenance shutdowns and increases 
replacement material costs [61].  It is also a consideration in nuclear waste containment 
systems [62, 63].  The direct cost of MIC on all manufactured materials has been 
estimated to be within the order of $30 to $50 billion annually [64].  For TCPL, MIC is of 
particular concern since it accounts for 27 % of all external pipeline corrosion sites [1]. 
MIC has been linked to three of six probable external corrosion scenarios as discussed in 
section 1.1.2 [1, 9, 60].  
Several TCPL field sites have shown sulphate reducing bacterial (SRB) activity, 
despite the application of CP at a potential of –925 mV (vs. SCE) [9]. SRB are common 
microorganisms found in soils located near buried pipelines and are a major biological 
contributor to MIC [1, 2]. As facultative anaerobes, SRB utilize sulphate as a terminal 
electron acceptor during energy generation, producing sulphide as a by-product by the 
following cathodic reaction: 
 
SO42– + 9H+ + 8e– → HS– + 4H2O      (1.15) 
 
In the specific case of carbon steel corrosion, the HS– produced by the reduction of 
sulfate anions typically interacts with the ferrous iron, produced by the anodic reaction 
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(1.4), to give FeS, rather than Fe(OH)2, which is evident by the black encrustations which 
occur around steel subjected to MIC.   
Groundwaters that test positive for SRB are observed to have sulfate and 
phosphate concentrations 1000-fold greater in water trapped beneath the disbonded 
coating on the pipe than in the background soil, although the concentration mechanism is 
not well understood.  Both species are important for bacterial growth [9].  Worse, growth 
of SRB surrounding these pipeline systems has been attributed to disbonded tape coating 
adhesives themselves, which are applied to protect the steel, but can serve as a primary 
carbon (food) source for bacterial metabolism and growth [9].  Field studies at anaerobic 
sites where tape coatings were disbonded showed soft corrosion tubercles that often 
contained pasty siderite, and, from within the surrounding soil, black encrustations that 
were identified as poorly-crystalline iron sulphide considered indicative of MIC activity 
[1, 9].  The prevalence ratio of siderite to iron(II) sulphide was observed to be 3 to 1 [1]. 
Mackinawite, Fe1+xS, is typically the dominant iron(II) sulphide phase present [1, 60], 
and is often formed in a heterogeneous manner causing extensive pitting [65].   
In the presence of SRB, general CRs of up to 200 μm yr–1 are observed, and local 
rates associated with pitting can be as high as 700 μm yr–1 [2].  Beech and Gaylarde have 
also shown that the severity of MIC is particularly enhanced if SRB are part of a bacterial 
consortium rather than present independently [66]. 
Anaerobic conditions with SRB followed by aerobic conditions is a particularly 
damaging corrosion scenario as Fe2+-containing sulphides are oxidized to Fe3+-containing 
oxides and elemental sulphur [2, 67].  This occurrence means that both Fe and S species 
are susceptible to oxidation, and the produced sulphur quickly oxidizes further to sulphite 
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or sulphate.  Extremely high CRs of 2 to 5 mm yr–1 have been reported for short periods 
of time [2].  It is unclear why the system does not passivate in the presence of iron(III) 
oxides, although localized corrosion (e.g. pitting of the steel) may be a factor. 
 
1.3.2 MIC Mechanisms 
In 1910, Gaines was the first to recognize bacteria as causing extensive corrosion 
on iron and stainless steels in soil environments under anaerobic conditions [68].  It was 
not until 1934, however, when von Wolzogen Kuhr and van der Vlugt linked microbial 
activity to steel corrosion [69].  For a buried pipeline steel the anodic process is iron 
dissolution, reaction (1.1), while the cathodic process is water reduction, reaction (1.3), or 
proton reduction via reaction (1.16): 
 
 H+ + e– → H(ads)      (1.16) 
 
The classical theory  proposed by von Wolzogen Kuhr and van der Vlugt for 
anaerobic corrosion with MIC [69] assumes that SRB depolarize the cathodic sites by 
stripping hydrogen atoms off the steel surface, using the enzyme hydrogenase, which  
catalyzes hydrogen oxidation, 
 
H(ads) → H+ + e–       (1.17) 
 
By stripping H atoms from the surface, new surface sites become available, allowing the 
cathodic reaction (1.16) to proceed and accelerate iron dissolution, reaction (1.1).  The 
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hydrogen consumed by the bacteria liberates electrons, which are then available to reduce 
sulfate to sulphide via reaction (1.15).  The sulphide present at the steel surface then 
readily reacts with Fe2+ to form an insoluble iron monosulphide species: 
 
Fe2+ + S2– → FeS       (1.18) 
 
The overall reaction can be written: 
 
4Fe + SO42– + 4H2O → 3Fe(OH)2 + FeS + 2OH–    (1.19) 
 
This mechanism is illustrated in Figure 1.12. 
 
 
 
 
 
 
 
 
 
 
FIGURE 1.12: Illustration of the classical depolarization model for MIC of iron 
originally proposed by von Wolzogen Kuhr and van der Vlugt [69].   
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While the overall reaction (1.19) is clear, the exact mechanism involving 
reactions (1.16-1.18) is uncertain, and it is unlikely that a blanket of adsorbed hydrogen 
atoms, reaction (1.17), exists on the metal surface [70]. 
Direct evidence in support of the cathodic depolarization model was produced by 
Booth and Tiller [71, 72] and Iverson [73] in the 1960s.  Both groups tested hydrogenase-
positive Desulfovibrio spp., but used benzyl viologen as a terminal electron acceptor to 
avoid interference from iron sulphide precipitation [70].  Booth and Tiller performed 
polarization experiments on mild steel in the presence of hydrogenase-positive (D. 
desulphuricans) and -negative (D. orientis) bacteria.  While both species caused anodic 
stimulation by the production of sulphide only D. desulphuricans caused cathodic 
polarization at lower current densities [71].  Generally, applying CP at a potential of   
–775 mV (vs. SCE) will prevent steel corrosion in the absence of MIC.  To maintain the 
same level of protection in the presence of MIC, the authors suggested an additional –100 
mV is required to achieve a similar mitigation of corrosion to that achieved under abiotic 
conditions [74].   However, long term studies revealed that calculated CRs were higher 
for both hydrogenase-positive and -negative species after Fe1+xS film fracturing [70]. 
This observation questions the role hydrogenase plays in MIC, if any. 
Hardy et al. showed direct evidence of cathodic depolarization as marine 
Desulfovibrio oxidized cathodic hydrogen, but concluded that cathodic stimulation was 
probably a result of the formation of ferrous sulphides [74].  Cathodic depolarization was 
transient since sulphide poisoned the reduction of hydrogen by reaction (1.16) and could 
lead to atomic hydrogen uptake by the metal potentially leading to embrittlement and 
SCC [70].   
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Besides demonstrating relationships between the weight loss of the steel, sulphide 
concentrations, and corrosion product deposition under anaerobic conditions, Hardy and 
Bown investigated the effect of oxygen on the CR of steel exposed to SRB [75].  Weight 
loss under anaerobic conditions in a solution inoculated with Desulfovibrio vulgaris was 
low (1.45 mg dm–2 day–1).  Significantly higher CRs (129 mg dm–2 day–1) and noticeable 
pitting were observed upon switching to aerobic conditions.  CRs, extrapolated from 
electrical resistance probe measurements, showed a similar trend with CRs under 
anaerobic conditions with SRB being significantly lower than under aerobic conditions 
with SRB (30.5 μm y–1 versus 2,227 μm y–1, respectively).  Hardy and Bown concluded 
that the nature and exposure of biogenic sulphide films to air led to pitting at the base of 
tubercles, though the mechanism of this process remains uncertain [75]. 
King and Miller proposed a modified version of the “classical” cathodic  
 
 
 
FIGURE 1.13: Proposed galvanic-coupling mechanism for MIC corrosion by SRB [1]. 
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depolarization theory, in which a galvanic couple is sustained between the steel anode 
and the ferrous sulphide cathode [76], as illustrated in Figure 1.13.  It was proposed that 
hydrogen atoms were produced on the ferrous sulphide surface, but the validity of this 
mechanism has been questioned since ferrous sulphide is not a permanent cathode [70], 
since FeS can transform to various iron sulphide phases, as shown in Figure 1.14.  A 
protective mackinawite film can transform to one of several less protective iron sulphides 
(e.g. greigite [Fe3S4], smythite [Fe3S4], and pyrrhotite [Fe1–xS]), depending primarily on 
sulphide concentration and the pH of the groundwater as proposed by Jack et al. [1] and 
illustrated in Figure 1.14 [77].  
 
 
 
FIGURE 1.14: Transformations of iron(II) sulphides (solid line, abiotic processes; dashed  
lines, biotic processes) [77]. 
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Costello refuted the role of hydrogenase in the cathodic depolarization model, 
claiming that potentiostatic polarization studies indicated that, while depolarization may 
occur in the presence of SRBs, it is not caused by hydrogenase [78].  At neutral pH, 
hydrogen sulphide is, in fact, the cathodic reagent: 
 
2H2S + 2e–   2HS– + H2       (1.20) 
 
and since hydrogenase may play a role in removing the hydrogen generated, the 
formation of HS– is favoured, since it leads to FeS formation (which anodically 
stimulates the corrosion process).  More recent work by Ferris et al. [79], suggest there is 
now evidence that bacteria, remote from the steel surface, can remove electrons from the 
metal via a galvanic couple with iron sulphide deposited inside the biofilm matrix.  
However, gene expression studies of steel corrosion in SRB revealed that Desulfovibrio 
vulgaris does not contain outer membrane electron transport receptors [80].  Unlike Fe3+-
reducing bacteria, D. vulgaris can neither reduce hematite, Fe2O3, for example, nor 
accept electrons directly from the steel [80].   
In the presence of bacterial agents, CP is a double edged sword: If not enough is 
applied then the steel freely corrodes; if too much is applied (i.e., too negative a potential) 
then significant amounts of H2 can be generated via proton reduction.  This excess 
surface hydrogen could then stimulate bacterial growth as it can effectively donate 
electrons to reduce sulfate to sulphide.  In addition to H2, organic electron donors, such as 
acetate or lactate, can be used in sulfate reduction.  Thus, a similar reaction to reaction 
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(1.19) may be written to incorporate the role of organic compounds (e.g. CH2O) as well 
as H2 as reagents to reduce sulfate to sulphide [81], 
 
3[CH2O] + 2Fe + 2SO42– + H+ → 3HCO3– + 2FeSx + 2H2O   (1.21) 
 
Results from Dinh et al. [81] are intriguing as certain strains of Desulfobacterium 
were able to reduce sulfate to sulphide by reaction with metallic iron much faster than the 
traditional hydrogen-utilizing Desulfovibrio species, suggesting there may be an outer 
membrane cytochrome which accepts electrons directly from steel.  Instead of a direct 
role, as originally proposed by von Wolzogen Kuhr and van der Vlugt [69], Dinh et al. 
vaguely proposed that hydrogenase plays a secondary role to generate hydrogen [81]: 
 
 (1.22) 
  
 
Presupposing that SRBs may thrive via an intricate electron transfer process, it is 
difficult to design an ideal kinetic study to monitor the process.  Also SRB are often 
found within a consortium (e.g. cultures containing aerobic bacteria, acid-producing 
bacteria, and Fe3+-reducing bacteria) that forms a biofilm surrounded by soil, whose 
resistivity is significantly higher, and chemistry more complicated, than a pure 
groundwater solution.  Despite these difficulties, Williams et al. designed a specialized 
embedded column to facilitate SRB growth and monitor their activity [82].  With time, 
they reported significant current densities running through the column [82], which 
suggests intercellular electron transport. 
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Difficulties in simulating complex field conditions in the laboratory have meant 
that only a limited number of experiments have accurately characterized the complex 
chemical and biological interactions between bacteria and pipeline steel [60, 82]. 
Consequently, few studies have comprehensively examined the galvanic couple between 
the pipe and the dispersed sulphide-rich corrosion deposits that help sustain the high CRs 
observed at field sites [4, 9].  The high CRs observed in the field are a direct consequence 
of the structure and composition of the biofilm (i.e., a large, porous, conductive, iron 
sulphide/biofilm cathode relative to a small, localized anodic site) [60].  Further 
information regarding the microbially sustained galvanic couple on steel can be found in 
a review article by Jack [83].  
 
1.4 The Effect of Sulphide on Steel Corrosion 
 
The above discussion on MIC focused primarily on the biological component of 
steel corrosion.  However, the chemical interactions between steel and sulphide are an 
integral part of the MIC process and it may be possible to learn much about the MIC 
reaction by studying steel corrosion/electrochemistry in the presence of inorganic 
sulphide.  Recently, Rickard et al. have summarized Fe-S marine chemistry in the context 
of iron sulphide formation processes and their kinetics [84, 85].  
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1.4.1 Thermodynamics of the Iron/Sulphur/Water System 
Figure 1.15 shows a potential-pH diagram of the iron/sulphur/carbonate/water 
system [86].  The diagram shows zones of stability for a number of phases depending on 
the redox conditions.  Within the blue box, mackinawite and siderite are the stable 
phases.  For more oxidizing conditions Fe2O3 is the stable phase.  
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1.15: Pourbaix (E-pH) diagram for the Fe/S system, at a dissolved Fe2+ 
concentration of 1 × 10–6 moles kg–1, 517 Torr CO2, and 26 Torr H2S  [87]. 
The blue square encompasses natural anaerobic groundwater conditions. 
 
1.4.1 Kinetics of Iron-Sulphide Systems 
Unfortunately, there are few relevant studies investigating the formation of 
sulphides on iron and/or carbon steel. Electrochemical investigations performed by 
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Shoesmith et al. in the late 1970s to early 1980s remain the primary source of 
information on FeS film formation on steel [88-91].  According to these authors, at pH 
13, where the [OH–] dominates the ratio of [HS–]/[OH–] at the steel/solution interface, a 
Fe(OH)2/Fe3O4 film forms prior to a transformation to FeS [92].  As iron(III) oxy-
hydroxides are known to be unstable in the presence of HS– [93], deposited oxides may 
subsequently be converted to FeS.  
Surface-adsorbed bisulphide species are thought to influence the anodic process in 
a similar way to the influence of hydroxyl ions on iron corrosion [91].  These species can 
be formed via chemical (1.23) and electrochemical (1.24) reactions: 
 
Fe + HS–aq →FeHS–ads      (1.23) 
FeHS–ads → FeHS+ads + 2e–       (1.24) 
 
Subsequently, the reaction of FeHS+ads proceeds via two concurrent processes: the release 
of ferrous species into the liquid phase (1.25), and the formation of a surface sulphide 
film (1.26): 
 
FeHS+ads → Fe2+aq + HS–        (1.25) 
FeHS+ads → FeSads + H+        (1.26) 
 
With a solubility product (KSP) for FeS of 8 × 10–19, the dissolution reaction (reaction 
1.25) would lead very quickly to the precipitation of ferrous sulphide, primarily 
mackinawite, a cubic ferrous sulphide phase, and troilite (stoichiometric hexagonal FeS) 
36 
 
[91].  The concentration of sulphide and pH govern which ferrous sulphide phases are 
formed.  In contrast to the dissolution reaction (1.25), the direct formation of a surface 
phase leads to a mackinawite layer on the steel surface, reaction (1.26).  Shoesmith et al. 
observed the presence of a surface mackinawite layer on carbon steel immersed in a 
saturated solution of hydrogen sulphide (pH 4-7), indicating that the process of sulphide 
phase formation, reaction (1.26), dominates over the dissolution step, reaction (1.25), in 
slightly acidic media  [88].  The solution acidity promotes the dissolution of the surface 
sulphide film formed via reaction (1.27) 
 
FeHS+ads + H3O+ → Fe2+ + H2S + H2O     (1.27) 
  
This would potentially explain the porosity and imperfection of the surface mackinawite 
phase observed at pH < 7 by Shoesmith et al. [91].  Generally, partial passivation of steel 
surfaces in sulphide containing solutions has only been observed at or above neutral pH, 
which implies that the mackinawite layer becomes more protective with increasing pH 
[91]. 
Shoesmith et al. showed, however, that HS– strongly adsorbs at active oxide sites, 
suggesting that HS– can displace OH– from the metal/oxide surface in part because of 
sulphide’s greater polarizability [92].  Mackinawite was shown to grow preferentially at 
fault sites on preformed iron oxides.  Its rate of growth is controlled by the dissolution of 
a thin oxide film, which is catalyzed by an increase in local pH leading to oxidation of 
sulphide [92].  While Shoesmith et al. provide some useful kinetic information with 
regards to HS–, the alkaline conditions  and high sulphide concentrations employed are 
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not representative of the near-neutral pH and low sulphide concentrations anticipated in 
dilute groundwater solutions [92].  
In order to mimic the relevant chemistry, while avoiding biological complications, 
Newman et al. [94] used Na2S as the source of HS– in order to develop a mechanistic 
understanding of the complex interactions between steel and sulphide under various in 
redox conditions.  In their work, polished electrodes exposed to 1.5 x 10–2 mol L–1 HS– 
would passivate (polarization resistance [RP] > 50,000 ohm cm2) within eight days.  RP 
represents the film resistance, which is inversely proportional to the CR.  However, 
electrodes pre-corroded in a low sulphide solution (6 x 10–4 mol L–1 HS–) and then later 
exposed to higher concentrations (1.5 x 10–2  mol L–1 HS–) would not passivate (RP < 
2,000 ohm cm2) [94]. 
Regardless of sulphide source and iron sulphide film morphology, Raman 
analyses indicate that mackinawite is the dominant iron sulphide phase formed both 
biogenically and inorganically under anaerobic conditions [95-97].  Bourdoiseau et al. 
recently monitored the oxidation of Fe(II)-mackinawite to an Fe(III)-containing 
mackinawite, FeII1−3xFeIII2xS, in air [96];  
 
2FeIIS + xO2 + 2xH2O → 2FeII1−3xFeIII2xS + 2xFe2+ + 4xOH−  (1.28) 
4FeII1–3xFeIII2xS + (3−3x)O2 + (2–2x)H2O → (4−4x)FeIIIOOH + 4S0 (1.29) 
 
Any unreacted mackinawite can further react with sulphur to form greigite (Fe3S4) [98], 
 
3FeIIS + S0 → FeIIFeIII2S4       (1.30) 
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which may further convert to form Fe(III) oxy-hydroxides and pyrite, FeS2, in air [96], 
  
 3FeIIFeIII2S4 + 2O2 → FeIIFeIII2O4 + 6FeIIS2     (1.31) 
 
The significance of the investigations by Bourdoiseau et al. [95, 96] are that they 
indicate the possible evolution of phases expected under dry out conditions on pipelines. 
These anaerobic to aerobic transformations may be very important in determining the 
very rapid CR under aerobic MIC conditions. 
Despite the efforts discussed above, the mechanism that governs FeS formation 
on steel at near-neutral pH under anaerobic conditions remains unclear. 
 
1.4.2 Iron Oxide to Sulphide Conversion Kinetics 
The reduction kinetics of various iron oxy-hydroxides in the presence of inorganic 
sulphide in aqueous systems have been well studied at near-neutral pH [93, 99-101], and 
shown to be influenced by the presence of SRB [102]. These studies are important 
geochemically since hydrogen sulfide is an important reductant of iron oxides, and may 
be the major reagent for the reductive dissolution of iron oxides in sulphide-containing 
marine sediments [99].  For example, γ-Fe2O3 may be slowly reduced to FeS and S0 [93]:  
 
Fe2O3 + 2HS– + 4H+ → 2FeS + S0 + 3H2O     (1.32) 
 
39 
 
A similar reaction appears to occur on oxidized iron surfaces, and Hansson et al. have 
characterized the transformation of a “magnetite”-like oxide film on steel to mackinawite 
(Fe1-xS) using in situ Raman spectroscopy [67].   
The mechanism of FeIII oxide reduction in the presence of sulphide involves a 
surface-controlled process, originally proposed by dos Santos Afonso and Stumm [103]. 
Initially, HS– rapidly displaces hydroxide from an FeIII surface site, 
 
≡FeIIIOH + HS– → ≡FeIIIS– + H2O     (1.33) 
 
followed by electron transfer from sulphide to iron (reaction (1.34)), and the generation 
of a S•– radical (reaction (1.35)): 
 
≡FeIIIS– → ≡FeIIS       (1.34) 
≡FeIIS + H2O → ≡FeIIOH2+(ads) + S•–      (1.35) 
 
This leads to the release of Fe2+ and the generation of another reaction site, 
 
≡FeIIOH2+(ads) → new surface site + Fe2+(aq)     (1.36) 
 
The S•– radical (reaction (1.35)) can then rapidly reduce additional FeIII species leading to 
the formation of elemental sulphur (reaction (1.37)) [99, 104],  
 
≡FeIIIOH + S•– → ≡FeIIOH + S0     (1.37) 
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Dissolved Fe2+ may then react with additional HS– to yield FeS (reaction (1.18)). 
In a recent publication by Hansson et al., the authors briefly describe the nature of 
iron sulphide films and how HS– aggressively attacks unprotected regions of the steel 
surface [67].  Unfortunately, while this article offers relevant information about iron 
sulphide formation, the time frame of the experiments performed were on the order of 
minutes, which is much too short for direct comparison to studies performed in the field 
over long time periods.  What remains unknown is how iron oxide and sulphide phases 
form, and the inter-conversion between phases, on steel at near-neutral pH and at 
sulphide concentrations anticipated in groundwaters.  It is unclear from the literature 
whether an iron oxide intermediate is required before forming iron sulfide on steel. 
 
1.5 Thesis Outline 
 
In an effort to validate the six proposed corrosion scenarios [1, 2] several 
corrosion scenarios were investigated: “nominally” anaerobic corrosion; 
anaerobic/aerobic cycling; anaerobic corrosion with MIC; and anaerobic/aerobic 
corrosion with inorganic sulphide.  This thesis describes the application of 
electrochemical and surface analytical techniques to develop scenario-specific corrosion 
mechanisms.  The primary electrochemical methods used were the measurement of steel 
corrosion potentials (ECORR, an indicator of surface redox conditions) over extended 
periods of time, coupled with periodic linear polarization measurements (LPR, to 
calculate steel CRs) and electrochemical impedance spectroscopy (EIS, to model the 
evolution of steel corrosion). 
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Several analytical techniques were employed to characterize corrosion product 
deposits formed during steel exposure.  In particular, scanning electron microscopy 
(SEM) and optical microscopy were used to characterize film morphology; energy 
dispersive X-ray spectroscopy (EDX) was used to identify elemental compositions; 
focused ion beam (FIB) was used for cross sectioning; and Raman spectroscopy was used 
to identify iron phases. 
Chapter 2 briefly reviews electrochemical and corrosion theory and the principles 
of the experimental techniques employed in this research. 
 In Chapter 3 the initial nominally anaerobic corrosion period is stuided.  An 
evolution in film properties was observed which led to an increase in overall CR and a 
change in properties of the film as detected by EIS.  This chapter describes the 
mechanism involved in this transition, and provides a basis for a more extensive study of 
the corrosion process encountered on switching between anaerobic and aerobic 
conditions.    
Chapters 4 and 5 examine the consequences of long term corrosion of carbon steel 
during successive anaerobic to aerobic cycles in a carbonate/chloride/sulphate solution at 
near-neutral pH. With increasing cycle number the corrosion process becomes localized 
at a small number of locations, consistent with the formation of tubercles.  Surface 
analytical techniques revealed that, while ~ 75 % of the surface was covered by a 
compact, black, FeII/III oxide layer, corrosion was primarily located at a tubercle site 
where a flaky, orangish FeIII oxide covered a deep pit at least 275 μm deep.  Based 
primarily on ECORR and CR trends, a model describing tubercle formation and growth was 
proposed.  
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Chapter 6 compares the electrochemical effects induced by inorganic sulphide and 
SRB on the corrosion of carbon steel. Biological microcosms, containing various 
concentrations of bioorganic content, were studied to investigate changes to the 
morphology of biofilms and corrosion product deposits. Raman analyses indicated 
mackinawite was the dominant iron sulfide phase grown both abiotically and by SRB.  A 
fascinating feature of SRB exposed to media void of an organic electron donor, was the 
formation of putative nanowires that presumably form as a means to acquire energy from 
steel by promoting a cathodic reaction. 
In Chapters 7 and 8, a series of five corrosion potential measurements were 
performed to investigate the effect of variations in redox conditions and inorganic 
sulphide concentration on the corrosion behaviour of pretreated and untreated carbon 
steel.  The primary objective was to characterize the behaviour of steel in the presence of 
inorganic HS– as a model system to aid in the interpretation of line pipe influenced by 
MIC.  Sulphide present under anaerobic conditions can lead to the formation of a 
passivating iron sulphide layer on freshly exposed steel and low CRs, while the addition 
of sulphide to pre-corroded steel leads to higher CRs.  Aerobic corrosion with sulphide 
resulted in the highest CRs to be measured in this project. 
Chapter 9 summaries the results and conclusions of this project, and provides a 
description for future work. 
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Chapter 3 
 
NOMINALLY ANAEROBIC CORROSION OF CARBON STEEL IN NEAR–
NEUTRAL pH SALINE ENVIRONMENTS1 
 
 
3.1 Introduction 
 
This chapter focuses only on the “mainly” anaerobic corrosion scenario, which accounts 
for 29% of all external corrosion sites examined [1].  Under anaerobic conditions, at near-
neutral pH, corrosion is expected to be slow, since H2O reduction (3.1): 
 
2H2O + 2e– → H2 + 2OH–      (3.1) 
 
is thought to be the rate limiting reaction [1].  Under these conditions, dilute groundwater 
species such as weak acids (e.g. carbonic acid), are expected to accelerate corrosion, by 
acting as alternative proton donors [1].   Generally siderite (FeCO3), a milky white 
precipitate, is the major corrosion product deposit, and is associated with general 
corrosion, as low concentrations of bicarbonate anions are commonly found in the water, 
referred to as trapped waters [2], under disbonded coatings. 
 
The present chapter focuses on the initial anaerobic period and the influence of trace 
concentrations of dissolved oxygen which appear to exert a significant influence on 
                                                 
1 A version of Chapter 3 has been published: 
 
B.W.A. Sherar, P.G. Keech, Z. Qin, F. King, and D.W. Shoesmith, Nominally Anaerobic Corrosion 
of Carbon Steel in Near-Neutral pH Saline Environments Corrosion, 66, 045001 (2010). 
79 
 
   
corrosion behaviour.  A number of electrochemical techniques have been applied: in 
particular, corrosion potential (ECORR), linear polarization resistance (LPR), and 
electrochemical impedance spectroscopy (EIS) measurements.  The morphologies and 
compositions of the corrosion products were then analyzed by scanning electron 
microscopy (SEM) and Raman spectroscopy. 
 
3.2 Experimental Details 
 
3.2.1   Materials and Electrode Preparations 
All experiments were performed with A516 Gr 70 carbon steel (0.23 C; 1.11 Mn; 
007 P; 0.10 S; 0.26 Si; 0.01 Cu; 0.01 Ni; 0.02 Cr; 0.004 Mo; 0.036 Al; 0.019 V; 0.003 O 
[μg g–1]) purchased from Unlimited Metals (Longwood, Florida).  For corrosion 
measurements, rectangular coupons, 1.5 cm x 1.0 cm x 1.0 cm, were cut from metal 
plates and fitted with a carbon steel welding rod (4 mm diameter), to facilitate connection 
to external equipment.  The electrode was then entirely encased in a high performance 
epoxy resin (Ameron pearl grey resin and 90HS cure) to prevent exposure of the 
electrical contact to the solution.  Prior to each experiment, one face of the working 
electrode was polished sequentially on 180, 320, 600, and 1200 grit silicon carbide paper, 
surface area 1.5 cm2, and then ultrasonically cleaned for ten minutes in ultrapure de-
ionized water (Millipore, conductivity: 18.2 MΩ·cm)/methanol to remove organics, and 
finally ultrasonically cleaned in Millipore water prior to experimentation. 
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3.2.2   Solutions 
Two solutions were used: a preconditioning solution, and a corrosion exposure 
solution.  The pretreatment solution (1 M NaHCO3/Na2CO3) was used to rapidly pre-
form a siderite  film [3]; the corrosion exposure solution was 0.2 M NaHCO3/Na2CO3 + 
0.1 M NaCl + 0.1 M NaSO4.  While this solution is higher in concentration than the 
trapped waters expected on pipelines [4], it allows us to compare our results to previous 
measurements [5, 6].  A higher ionic strength solution also avoids the difficulties 
encountered when making electrochemical measurements in highly resistive low ionic 
strength solutions [7]. 
The pH of the solution was set to 8.9 ± 0.5 with NaOH prior to each experiment.  
All solutions were prepared with distilled deionized water purified using a Millipore 
milli-Q-plus unit to remove organic and inorganic impurities.  All chemicals (NaOH, 
NaHCO3, Na2CO3, NaCl, and Na2SO4) were of ≥ 99 % purity and purchased from 
Caledon, Georgetown, Ontario. 
 
  3.2.3   Electrochemical Cell and Equipment 
Experiments were conducted in a three-electrode glass electrochemical cell fitted 
with a jacket to allow control of the cell temperature using a recirculating water bath 
(Polyscience, Niles, IL). The counter electrode was a Pt foil and the reference electrode a 
commercial saturated calomel electrode (SCE; 0.241 V vs SHE) (Radiometer Analytical, 
Loveland, CO). All potentials are referenced to the SCE.  The cell was housed in a 
grounded Faraday cage to minimize external electrical noise. 
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Prior to immersion of the pretreated steels, the electrolyte solutions were purged 
for at least one hour in UHP Ar (Praxair, Mississauga, ON) to obtain anaerobic 
conditions.  Each experiment was performed using either a Solartron 1480 Multistat or 
Solartron 1287 Potentiostat, running Corrware software (version 2.6 Scribner Associates) 
to control applied potentials and to record current response. EIS was performed using a 
potentiostat coupled to a Solartron 1250 or 1255B frequency response analyzer. 
 
3.2.4   Experimental Procedure 
Figure 3.1 shows the potential profile used to pretreat three duplicate steel 
coupons and to follow their subsequent corrosion behaviour.  In stage 1, all three 
electrodes were cathodically cleaned at –1.3 V for one minute to reduce any air–formed 
surface oxide.  The potential was then stepped to –1.1 V (Stage 2) for one minute to 
avoid H2 production and clear the surface of H2 bubbles. The potential was then stepped 
to –750 mV for 55 hours (Stage 3) to anodically form a siderite (FeCO3) film [3].  During 
this pre-treatment stage, the cell temperature was maintained at 60o ±1oC.  The electrodes 
were then removed from the preconditioning cell (Stage 4), rinsed in deaerated Millipore 
water, at which point one of the electrodes was removed for surface analysis, while the 
remaining two were transferred through air into the cell containing the exposure solution 
under anaerobic conditions (Stage 5). The corrosion potential (ECORR) of one electrode 
was monitored continuously, except for brief periods during which linear polarization 
resistance (LPR) or electrochemical impedance spectroscopy (EIS) measurements were 
performed, every 12 or 48 hours, respectively.  LPR measurements were performed by 
scanning the potential ± 10 mV from ECORR at a scan rate of 0.1 mV s–1, and required a 
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total of 10 minutes.  From LPR measurements calculated RP values were defined as the 
linear averaged slope of voltage/current for an accepted correlation of > 0.9.  EIS was 
performed using a sinusoidal input potential with an amplitude of ± 10 mV at individual 
frequencies over the range of 106 to 10–3 Hz.  This sequence of measurements required  
 
 
 
 
 
 
 
 
 
 
 
FIGURE 3.1: Potential (ESCE) time profile for the corrosion experiment.  In stages 1 and 
2 a two stage cathodic cleaning was conducted. In Stage 3, a siderite film 
was grown at –750 mV.  In Stage 4 one pretreated electrode was removed 
for surface analysis, while the remaining two pretreated electrodes were 
transferred to the experimental cell.  In stage 5, one electrode was studied 
by LPR and EIS periodically at OCP, while the other was removed after 9 
days of exposure for surface analysis (Stage 6). 
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1.5 hours. A Kramers-Kroning test, which was used to validate the EIS data, and 
modelling of EIS data were both performed on Zview (version 2.80, produced by 
Scribner Associates). 
At the end of Stage 6, the second electrode was removed from the cell for 
examination (~ day 9) by ex situ scanning electron microscopy (SEM), energy dispersive 
x-ray (EDX) analysis, optical imaging, and Raman spectroscopy. The third remaining 
electrode was continuously monitored over the full duration of the 35 day experiment, 
where the cell temperature was allowed to adopt the ambient value of 22 ± 1oC. 
 
3.2.5    Surface Analysis 
To identify film morphology SEM was performed along with EDX to elucidate 
elemental composition using a Hitachi S4500 field emission SEM coupled to a secondary 
electron detector.  To identify iron phases a Renishaw 2000 Raman spectrometer with the 
632.8 nm laser line using an Olympus microscope with a 50× magnification objective 
lens was used. 
 
3.3 Results  
 
3.3.1   Pretreatment of Steel 
A surface deposit was pre-grown at –750 mV, which is a potential previously used by 
Lee [3], who showed that at this potential, in a 1M HCO3–/CO32– solution at 60ºC, a 
uniform and crystalline siderite film could be formed.  Current-time (i-t) plots for these 
pre-grown films are shown in Figure 2, and are similar in form to those observed by Lee 
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[3].  The plots can be divided into three distinct sections: (i) growth of a surface film; (ii) 
development of porosity in this film which allows Fe2+ through the pores; and (iii) the 
formation of a deposit owing to the finite solubility of Fe2+ in carbonate solutions at this 
pH, which eventually blocks the surface and causes the current to decrease. 
 
 
 
 
 
 
 
 
 
 
FIGURE 3.2: Current-time plot for potentiostatic formation of a deposit in 1 M 
NaHCO3/Na2CO3 at 60ºC. Refer to text for description. E1 to E3 
represent individual electrodes. 
 
According to Davies and Burstein [8], and others [9, 10], the formation of FeCO3 
proceeds according to the following two mechanisms; 
 
Fe + HCO3– → FeCO3(s) + H+ + 2e–     (3.2) 
Fe + H2O → Fe(OH)2 + 2e–      (3.1) 
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Fe(OH)2(s) + HCO3– → FeCO3(s) + H2O + OH–   (3.4) 
 
The formation of siderite under similar conditions in bicarbonate/carbonate solutions has 
been shown to occur by in-situ Raman Spectroscopy [5].   
 
3.3.2 Surface Analysis of Corrosion Product Deposits on Pretreated Steel 
As mentioned in section 3.2.1, one of the three pretreated steel coupons was 
removed for analysis after pretreatment, and its low magnification SEM micrograph, 
Figure 3.3a, shows the film formed comprises deposit clusters, lined up primarily along 
the polishing lines on the steel surface. Other areas of the surface are covered with a thin 
porous deposit.  Figure 3.3b shows the deposit is composed of clusters of rhombohedral 
crystals surrounded by a web-like deposit.  Figure 3.4a shows an optical image and  
 
(a)                                               (b) 
 
FIGURE 3.3: (a) Low magnification and (b) high magnification SEM micrographs 
showing the surface morphology of the pretreated steel (–750 mV) in 1 M 
NaHCO3/Na2CO3 at 60ºC. 
(b) 
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Figure 3.4b the ex-situ Raman spectra recorded at this location.  The Raman spectrum for 
the bright crystals shows the dominant vibrational mode of the carbonate anion which is 
characteristic for siderite [11].  The strongest siderite (FeCO3) peak centered at 1083 cm–1 
(ref. 1089 cm–1 [11]) has been identified as the symmetric stretch of the carbonate anion.  
In this spectrum this peak is broad suggesting the possible formation of a blend of metal 
carbonates (e.g. CaCO3, MgCO3, FeCO3, etc.), which all share the characteristic calcite 
carbonate crystal structure [11], although the presence of any these carbonates are merely 
surreptitiously incorporated into the iron carbonate crystals.  A possible source of Ca2+  
 
 
(a)                                                                         (b) 
 
FIGURE 3.4: Optical image (a) and Raman spectra (b) of pretreated steel surface after 55 
hours of anaerobic exposure at an applied potential of –750 mV in 1 M 
NaHCO3/Na2CO3 solution. 
  
and Mg2+ are the salts used to make the solution.  EDX confirmed these cations were 
present in very low quantities (data not shown).   The broad peak observed at 740 cm–1 is 
due to the planar bending mode (ref. 734 cm–1 [11]), and the two additional weak peaks at 
87 
 
   
1438 cm–1 (ref. 1443 cm–1 [11]) and 1726 cm–1 (ref. 1736 cm–1 [11]) are an additional 
vibrational mode and combination band of siderite, respectively. 
The black patches identified in the optical image (Figure 3.4a) yield mixed iron 
oxide Raman signals (Figure 3.4b) for magnetite (Fe3O4), with a peak at 667 cm–1 (ref. 
668 cm–1 [12]), and maghemite (γ-Fe2O3), with peaks at 395, and 667 cm–1 (ref. 390 and 
665 cm–1 [12]).  The broad peak at 1540 cm–1 is due to amorphous carbon [13, 14], while 
the spectrum appears to fluoresce due to electronic excitations of the underlying steel 
surface induced by the laser.  These optical and Raman spectra reveal that the pretreated 
steel surface is not uniformly covered by a siderite film, but is patchily covered by a 
mixture of siderite and other carbonates and iron oxide corrosion product deposits. 
 
3.3.3 Pretreated Steel Corrosion Potential Measurements 
The remaining two of the three pretreated specimens were placed in the anaerobic 
mixed anion exposure solution at room temperature.  Figure 3.5 shows ECORR and the 
polarization resistance, RP (measured by LPR), recorded over the 35 day duration of the 
experiment illustrated in Figure 3.1.  Initially, ECORR remains low at –840 mV (termed 
period 1 in Figure 3.5). This low value is consistent with the results of Lee et al., who 
found ECORR values in the range –840 to –810 mV in similar mixed anion solutions [6].  
The equilibrium potential (Ee) calculated for the water reduction reaction at this pH 
(assuming pH2 = 1 atm) is –760 mV confirming that generally anaerobic conditions 
prevail.  The polarization resistance (RP) is initially high, consistent with the corrosion 
process being blocked by the preformed deposit.  RP increases considerably throughout 
period 1 suggesting further formation of corrosion product deposits closing off any 
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residual exposed steel locations.  After 5 days, RP suddenly decreases by a factor of ~ 3, 
although only a marginal change is observed in ECORR.  This suggests a loss in 
protectiveness of the surface layer, although it is not immediately obvious why this 
happens.  After ~ 9 days (during period 2, Figure 5), ECORR began to slowly increase to a  
 
 
 
FIGURE 3.5: Corrosion potential (ECORR vs. SCE) of pretreated steel measured under 
anaerobic conditions (Ar purge) in 0.2 M HCO3–/CO32– + 0.1 M NaCl + 
0.1 M Na2SO4.  The points show the LPR polarization resistance (Rp) 
values of the film (squares).  The dashed line indicates an apparent film 
transition. The plot was subdivided into three periods based on trends in 
ECORR and RP.  Noise during period 1 is due to electrochemical equipment. 
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value of –830 mV indicating a slow change in state of the surface.  This process is 
accompanied by a corresponding slow decrease in RP, suggesting an enhanced 
polarization of the anodic metal dissolution reaction.  Over the time period 15 to 27 days, 
ECORR slowly increases, but at an accelerating rate to ~ –760 mV; this is accompanied by 
a decrease in RP from ~2.1 × 104 Ω cm2 to ~1.5 × 104 Ω cm2.  Since the cell is maintained 
under a continuous Ar purge, these changes cannot be attributed to a steadily increasing 
concentration of dissolved O2.  However, this does not rule out the possibility that 
residual traces of dissolved O2 lead to slow changes in film properties.  After 27 days (the 
beginning of period 3 in Figure 5), ECORR suddenly increases to > –500 mV and the Rp 
drops rapidly to ~ 5 × 103 Ω cm2.  Lee et al. also observed a transition after 20 days under 
similar exposure conditions [3].  This transformation was followed by cycles in ECORR, 
indicating the post-transition film, or the electrochemical conditions within it, are not 
stable.  Eventually, ECORR stabilizes at a steady-state value of –550 mV. These relatively 
slow cycles suggest the system may be attempting unsuccessfully to revert to the pre-
transition state. A similar experiment in an Ar-purged glovebox, in which the atmosphere 
contained < 1 ppm oxygen content, and the possibility of adventitious O2 ingress into the 
cell over the long duration of the experiment was avoided.  No transition in ECORR was 
observed supporting over argument that traces of dissolved O2 may initiate the transition. 
The RP values were converted into corrosion rates (CR) using the Stern-Geary 
equation [15], and using the Tafel constants determined by Wu et al. for anaerobic 
conditions (Ar + 5% CO2, ba = 86 mV, bc = 200 mV) [16].  Figure 3.6 shows the changes 
in CR as a function of time.  The rates are expressed as μm yr–1 to facilitate comparison 
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to the field data [2].  While the change in CR due to the initial film restructuring (between 
periods 1 and 2) is clear, the slow increase in ECORR over the time period of 5 to 25 days 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 3.6: Corrosion rates (CR) of pretreated steel measured under anaerobic 
conditions (Ar purge) in 0.2 M NaHCO3/Na2CO3 + 0.1 M NaCl + 0.1 M 
Na2SO4.  The dashed line indicates an apparent film transition.  The plot 
was subdivided into three periods based on trends in CR. 
 
leads to only a slight increase in CR, while the major transition leads to a large increase 
in CR from less than 20 to greater than 50 μm yr–1 (period 2 to 3). Subsequently, as the 
ECORR stabilizes to a value of –550 mV over period 3, CR rises, somewhat erratically, to a 
value of ~70 μm yr–1. Comparison to the field data shows that the average corrosion rates 
measured prior to the major transition (10 to 20 μm yr–1) are similar to the field values of 
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10 μm yr–1; aerobic corrosion rates, however, vary between 40 to 200 μm yr–1 [2].  This 
might be somewhat fortuitous since field values represent an averaged value over an 
exposure period during which corrosion only occurred for a fraction of the time.  While 
the slow evolution in film properties (over the first 27 days) may be attributable to the 
influence of trace concentrations of dissolved O2, the large increase in CR induced by the 
transition cannot be supported by traces of dissolved O2. 
 
3.3.4 Surface Analysis of Pretreated Steel in Exposure Solution 
After 9 days of exposure, and prior to the increase in ECORR described above, one 
of the two corroded electrodes was removed for analysis.  Comparison of SEM 
micrographs (Figure 3.7) with those shown in Figure 3.3 (the pretreated electrodes) 
indicates that the siderite crystals, clustered along polishing lines, remain undisturbed. 
The micrograph indicates that, at increased magnification, the surface is covered with  
 
 
                                   
 
 
 
 
 
 
 
 
 
 
FIGURE 3.7: Micrograph of steel surface after 9 days of exposure (see Figure 3.5) in 0.2 
M NaHCO3/Na2CO3 + 0.1 M NaCl + 0.1 M Na2SO4. 
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nodular particles of submicron size.  Also, significant porosity exists in the base layer.  It 
is likely that the major cracks visible in Figure 3.7 occurred on drying after removal of 
the specimen from the solution. 
The optical image in Figure 8a reveals two distinct regions: areas covered with 
bright crystals, which are interspersed with darker black patches. Ex-situ Raman analyses 
show two distinct iron phases (Figure 3.8b); siderite (280, 732, 1082, and 1721 cm–1) 
bright crystals, and poorly-crystalline magnetite or maghemite (671 cm–1) within the 
darker areas.  The various broad peaks observed between 1347-1568 cm–1 can be  
 
 
(a)                                                                  (b) 
 
 
FIGURE 3.8: (a) Optical image and (b) Raman spectra of corroded steel surface after 9 
days of anaerobic exposure in 0.2 M NaHCO3/Na2CO3 + 0.1 M NaCl + 
0.1 M Na2SO4 at 25ºC. 
 
attributed to amorphous carbon [13, 14] or possibly iron carbide (Fe3C) residues from the 
corrosion process [5] or from segregation processes, since steel is an alloy of Fe and 
Fe3C.  The presence of only siderite and magnetite confirms the predominance of 
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anaerobic conditions over the first 9 days of exposure.  The Raman spectra reveal no 
indication of hematite, Fe2O3, the dehydrated form of lepidocrocite (γ-FeOOH), which is 
the predominant Fe(III) corrosion product deposit expected under aerobic corrosion [1]. 
 
3.3.5 EIS Analyses 
Examples of EIS data, recorded over the 35 day duration of the experiment are 
plotted in the Bode format in Figure 3.9.  Of immediate note, the final two spectra 
recorded after the transition (27 and 35 days) are distinctly different to those prior to the 
transition; this point is addressed further at the end of this section.  Prior to the transition 
the data (and most clearly, the phase angle plot) indicate a system possessing a minimum 
of two time constants.  The arrows on Figure 3.9 indicate the direction of the changes in 
the spectra with time.  Partly based on the SEM observations (Figure 3.7 and 4.10a), 
which suggest a porous film structure, the electrical equivalent circuit shown in Figure 
3.10b was adopted to fit the data; although alternative models were also tried.  Similar 
circuits have been used by others to analyze spectra from steel corrosion experiments in 
natural water environments [17, 18]. 
The impedance response observed around ~ 10 Hz is attributed to the charge 
transfer process at the metal/solution interface and is represented in the equivalent circuit 
by the parallel combination of the charge transfer reaction, RCT, and the double layer 
capacitance, Cdl.  A primary reason for this assignment is that it is the impedance in this  
frequency range which responds directly to changes in ECORR.  The impedance in this 
frequency range decreases markedly once the transition in ECORR has occurred, consistent 
with an increased polarization of the anodic steel dissolution reaction.  The impedance  
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FIGURE 3.9: Bode plots showing the EIS spectra recorded before and after the film 
transition (between 0 and 35 days). Points represent data and lines are fits 
to impedance modeling. Arrows indicate the change in impedance over 
time. 
 
response at lower frequencies (~ 10–1 Hz) is attributed to the properties of the film and 
defined in the equivalent circuit by its capacitance (Cfilm) and the porosity of the pores 
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within it.  In fitting the spectra constant phase elements (CPE) were used to account for 
non-ideal capacitances, as indicated in Figure 3.10. 
 
 
(a)                                                                             (b) 
 
FIGURE 3.10: (a) SEM micrograph indicating significant film porosity on pretreated 
steel after 9 days of anaerobic exposure in 0.2 M NaHCO3/Na2CO3 + 0.1 
M NaCl + 0.1 M Na2SO4. (b) The equivalent circuit used to fit the 
impedance data for pretreated steel. 
 
Table 3.1:  Chi square (goodness-of-fit) values, when p of Cfilm is fixed at 0.8, with and 
without a Warburg element included in the pre-transition EIS model as shown 
in Figure 3.10b. 
 
Time 
Interval 
Warburg (× 10–3) 
χ2 
No Warburg (× 10–3) 
χ2 
% Difference 
in Χ2 
 
2 days 
 
1.6076 
 
5.9945 
 
–270 
10 days 0.4521 1.3252 –193 
20 days 0.5910 1.6491 –179 
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A Warburg element (W) was required in series with the charge transfer resistance 
in order to accurately fit the spectra in the low frequency range (< 10–2 Hz), especially for 
spectra recorded after the transition.  However, even for the spectra recorded prior to the 
transition the inclusion of a Warburg impedance is required to obtain fit parameters with 
low error, as determined by chi square (goodness-of-fit) values.  Table 3.1 clearly shows  
 
 
 
 
 
 
 
 
 
 
Figure 3.11: Nyquist plot justifying the need of including a Warburg elelment in series 
with the RCT in the equivalent circuit shown in Figure 3.10b.  Solid lines 
represent the experimentally measured spectrum. The dark circles refer to 
fits with no Warburg added.  
 
that including the Warburg element improves the quality of the fit when the value of p for 
Cfilm is fixed at 0.8.  A Warburg element is often included  for systems experiencing mass 
transfer limitations, and especially diffusion induced mass transport limitations [19].  
Figure 3.11 shows three fitted spectra, plotted in the Nyquist mode to emphasize the low 
97 
 
   
frequency section.  For the spectra recorded after 10 days, the improvement in fit 
achieved by including the Warburg element is clear, while for the spectra recorded after 
two days the advantage of including the Warburg element appears to be marginal.  As the 
film is expected to be thickening throughout this period, it is not surprising that mass 
transfer limitations become more significant, and that the need for the Warburg element 
within the fit increases.  The inclusion of this element has a very significant effect on the 
exponent of the CPE elements, which are defined by: 
 
  Z(ω) = (C(jω)P)–1      (3.5) 
 
where j = (–1)1/2, and ω is the frequency of the input potential signal.  When the exponent 
p = 1, C represents a capacitor, and deviations of p to values < 1 indicate deviations in 
perfection of the capacitance.  If p = 0.5 then the CPE would be equivalent to an infinite 
Warburg element [20].  When the Warburg element is not included in the equivalent 
circuit used to fit the data, the calculated p related to Cfilm values deviates significantly 
from 1 (0.6 – 0.5), whereas both CPE element exponents were > 0.8 when W was 
included (i.e. p for Cdl was ~ 0.9 and p for Cfilm was eventually fixed at 0.8).  When the 
Warburg was included, the p-values became effectively independent of time.    
The parameter values obtained by fitting to the equivalent circuit in Figure 3.10b 
are shown in Figure 3.12.  With the exception of the first 5 days, RP values, calculated 
from the sum Rpore + RCT + W, are identical to the values obtained by LPR, Figure 3.12a.  
Despite the discrepancy at short times, all the resistance values show an increase over the 
first 5 days, regardless of measurement method.  This result is consistent with minor film 
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growth at exposed metal sites that are left exposed during the preconditioning process.  
Under the anaerobic conditions prevailing, slow film growth would be expected to yield 
magnetite (Fe3O4), and this is consistent with the Raman analyses shown in Figure 8b, 
which show the electrochemically formed siderite crystals remain undisturbed, while 
only Fe3O4 is detected on areas of the surface not covered by siderite clusters.  Over the 
period 5 to ~ 20 days, the small positive drift in ECORR (period 2 in Figure 3.5) does not 
lead to any detectable changes in the resistance parameters.   
A time-independent capacitance is observed for Cdl, is ~ 300 μF cm–2 (Figure 
3.12b) which would not be unexpected considering the roughness of the deposit-covered 
surface and the presence of areas of carbonaceous residue (indicated in the Raman 
spectra, Figure 3.4 and 4.8) whose most likely origin is the preferential dissolution of α-
Fe from the pearlite grains in the steel. 
Once the change in ECORR begins to accelerate beyond 20 days, significant 
changes in the impedance parameters are observed.  The decreases in Rpore and RCT 
indicate a pore opening process leading to the exposure of the substrate steel.  This is 
accompanied by an increase in W suggesting the overall RP value, which does not 
change, is becoming dominated by a diffusion process.  These changes are accompanied 
by major changes in the film and double layer capacitances (Cdl) consistent with the onset 
of a major film restructuring process and the presence of polarizable species within the 
opening pores. 
The impedance spectra recorded after the transition are significantly different to 
those recorded prior to it, confirming that the properties of the surface deposit (at least 
that portion sensed by the EIS measurements) have changed significantly. A more  
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(a) 
 
 
 
 
 
 
 
 
 
(b) 
Figure 3.12: Change in (a) resistive and (b) capacitive elements with time for pretreated 
steel determined from EIS modeling and LPR calculations. RP = Rpore + RCT 
+ W. 
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detailed examination of the post-transition behaviour will be discussed in a Chapters 4 
and 5 assessing the long term effect of steel corrosion under anaerobic/aerobic cycling.  
For the moment, after day 35 (post-transition) the EIS data indicates a significant 
diffusion/mass-transport contribution.  When the exposure solution is eventually sparged 
with O2 the ECORR increases rapidly to –350 mV, but eventually relaxes to –550 mV after 
several days.  Simultaneously, the CR, calculated from LPR data, fluctuates from an 
initial high of 130 μm yr–1 before dropping to ~ 70 μm yr–1 within the same time period 
consistent with CRs observed at field sites under aerobic corrosion conditions [2]. 
 
3.4    Discussion 
 
Under the nominal anaerobic conditions employed in these experiments we would 
expect the CR to be low and within the range 0.1 to 10 μm yr–1 according to recent 
reviews [21, 22], with the most reliable measurements yielding values ≤ 0.1 μm  
yr–1 on Fe3O4-covered surfaces [23, 24].  Our rate is at the upper end of this range and 
remains unchanged throughout the pre-transition period.  This high steady-state rate 
provides convincing evidence that complete passivation of the steel is not achieved 
during the pre-oxidation stage. 
At the low levels of O2 present in this experiment these high rates cannot be 
sustained at such a low ECORR by O2 reduction.  Since the HCO3–/CO32– content of the 
solution is high (0.2 M) the most likely cathodic reactant is the proton supplied by HCO3– 
dissociation.  It is possible that this reaction occurs on the electrically-conducting Fe3O4 
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layer shown to be present by Raman spectroscopy along with the siderite deposit.  The 
fact that Fe3O4 can catalyze H+ reduction has been claimed by King et al. [25].  As 
observed for O2 reduction [26-28], catalysis could be achieved by the use of FeII/FeIII 
adjacent sites on the surface in an electron donor/acceptor relay process. 
However, since the major transition appears only to occur when traces of 
dissolved O2 are present in solution, it is reasonable to conclude that its presence is a key 
influence on film properties over the pre-transition period (5 to 26 days).  Although our 
Raman analyses cannot be considered comprehensive, there is no evidence for the 
formation of the green rust phases indicative of the conversion of FeII oxides/hydroxides 
to FeIII oxides/hydroxides by reaction with dissolved O2 [5, 29], confirming that the 
continuous purging maintained very low O2 levels. 
A possibility is that O2 diffuses into faults in the preformed deposit leading to a 
localized formation of Fe3+ by oxidation of the Fe2+ produced by the slow, but on-going, 
corrosion process, 
 
  4Fe2+ + O2 + 2H2O → 4Fe3+ + 4OH–     (3.6) 
 
The rate of this reaction will be determined by the balance between the stabilization of 
Fe2+ by complexation with carbonate/bicarbonate (Fe(HCO3)+, Fe(CO3)22–, etc. [30-33]) 
and catalysis of Fe3+ production by Cl– [29, 34].  At the pH used in our experiments the 
solubility of Fe3+ is almost at a minimum and would be expected to produce insoluble 
FeIII deposits in the absence of local pH changes.  Despite the production of OH– in 
reaction (3.6), the subsequent production of protons via the hydrolysis reaction 
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  Fe3+ + xH2O → Fe(OH)x(3–x)+ + xH+     (3.7) 
 
would be expected to be overwhelming and to lead to acidification providing the surface 
area to solution volume ratio within the location is sufficiently large.  Such a process is 
consistent with the EIS data which shows that the accelerating increase in ECORR as the 
major transition is approached and is accompanied by a pore opening process and the 
onset of a diffusion-controlled process. 
Additional processes which could contribute to pore-opening could be the 
coupling of anodic metal dissolution at the base of the acidified locations and the 
reductive dissolution of Fe3O4 [35-38], 
   
Fe3O4 + 8H+ + 2e– → 3Fe2+ + 4H2O     (3.8) 
 
and the catalysis of oxide dissolution by reaction with Fe2+ [39], 
 
  Fe3O4 + 8H+ + 2Fe2+ → 3Fe2+ + 2Fe3+ + 4H2O   (3.9) 
 
Reaction (3.9) is feasible in the pre-transition period as the potential range (period 2 in 
Figure 3.5) is consistent with the results observed during rotating-ring disc electrode 
(RRDE) experiments in HCO3–/CO32– solutions [40]. 
The major transition in ECORR could then be attributed to the increased 
polarization of the anodic metal dissolution reaction supported by the reduction of 
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protons on Fe3O4 surfaces outside the acidified location.  The accelerating release of Fe2+ 
would stimulate reaction (3.8) which would, at least temporarily, maintain the 
acidification and the pore-opening process by producing Fe3+ and hence H+ (via Reaction 
(3.6)). 
Once pore-opening is achieved, the separation of anodes and cathodes in this 
manner could be stabilized by a number of features.  Diffusion of HCO3–/CO32– into the 
pores could buffer the pH to higher values.  Since Fe2+ forms stable, soluble complexes 
with HCO3–/CO32–, anodic dissolution would be maintained, while the higher pH, 
coupled to a more positive ECORR, would stabilize Fe3O4 against further reductive 
dissolution.  Stratmann et al. have demonstrated that a pH < 6 is required for the 
reductive dissolution of Fe3O4 [41].  In addition, pore closure by re-growth of an 
Fe(OH)2/Fe3O4 layer could be prevented by the accumulation of Cl– within the pore in the 
manner recently described by Marcus et al. [42]. Figure 3.13 schematically summarizes 
the film transition process proposed. 
Thus, the more positive ECORR and significantly higher CR could be sustained as a 
pitting process supported by H+ reduction on Fe3O4 surfaces outside the active location.  
The erratic ECORR observed immediately after the transition could reflect Fe(OH)2/FeCO3 
deposition within the pores.  Comparison of the post-transition ECORR values to 
voltammograms recorded in concentrated carbonate solutions [26, 27, 40] shows it to be 
in the active-passive transition region, when a combination of active and passive states 
would be anticipated.  In addition, RRDE studies confirm that both Fe2+ and Fe3+ can be 
released in this potential region, and under potentiostatic conditions, cathodic currents are 
recorded at potentials only slightly cathodic of the post-transition ECORR [3, 22]. 
104 
 
   
 
 
 
 
 
 
 
 
 
 
FIGURE 3.13:  Schematic illustrating the film transition process, within an acidified 
pore, assuming separation of anode (iron dissolution) and cathode 
(bicarbonate reduction). 
 
These observations confirm that the coexistence of separate anodic and cathodic 
sites is feasible, and it is worthwhile noting that the ECORR achieved is within the range 
able to support high pH stress corrosion cracking (SCC), –680 to –710 mV, in 
concentrated HCO3–/CO32– solutions [25].  Local separation of anodic and cathodic sites, 
therefore, could play a role in the initiation or early-stage growth of high-pH SCC cracks. 
 
3.5   Summary and Conclusions 
 
(i) The corrosion of steel, pretreated to form an initial siderite film, has been 
studied under nominally anaerobic conditions in a mixed anion solution. 
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(ii) Initially ECORR remained < –800 mV, consistent with anaerobic corrosion, 
and the corrosion rates were low; in the range of 10 to 20 μm yr–1.  Raman 
analysis showed the predominant phases present were magnetite and 
siderite, confirming the predominance of anaerobic conditions. 
 
(iii) The ECORR steadily increased to < –800 mV before rapidly undergoing a 
transition to > –550 mV. This transition appeared to be initiated by traces 
of oxygen present in the nominally deaerated solutions.  This transition 
was accompanied by an increase in CR by a factor of 4 to 5. 
 
(iv) While small amounts of O2 may initiate the transition observed it cannot 
account for the sustained increase in CR once the transition has occurred.  
It is postulated that the rate is sustained by H+ reduction (from HCO3–) on 
magnetite surfaces while corrosion occurs primarily at anodic sites at the 
base of faults within the film. 
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Chapter 4 
 
CARBON STEEL CORROSION UNDER ANAEROBIC-AEROBIC CYCLING 
CONDITIONS IN NEAR-NEUTRAL pH SALINE SOLUTIONS – Part 1: LONG 
TERM CORROSION BEHAVIOUR 
 
4.1    Introduction 
 
Reports indicate that the most severe corrosion damage occurs during alternating 
anaerobic to aerobic conditions [1, 2], induced by seasonal changes in the level of the 
water table [3]. TransCanada PipeLines Ltd. (TCPL, Calgary, Alberta, Canada) has 
reported that 21% of all external corrosion sites involve such alternations [4, 5].  
Pipelines buried in soils undergoing such fluctuations are typically covered in “snowy 
white” siderite and corrosion tubercles speckled with deep reddish brown iron oxides [4], 
and often experience localized corrosion, pitting. 
Under nominally anaerobic conditions, previous studies [6, 7] (Chapter 3) have 
revealed two distinct corrosion behaviours depending upon the initial state of the steel 
surface and the solution composition/pH.  For a pipeline steel covered with millscale 
exposed to CO2/Ar-purged solution (pH in the range 5.5 to 7.0 depending on the CO2 
content of the purge gas), the initial corrosion potential (ECORR) was in the region of 0 
mV (vs. the saturated calomel electrode [SCE]) as expected for a passive system [6]. 
However, once the aqueous solution penetrated the scale to contact the steel surface, 
109 
 
ECORR rapidly declined to a value between −500 mV and −600 mV.  A potential in this 
range was sustained for only a short period of time before a decrease to a final steady-
state value of ~ −760 mV occurred [6].  
The oxide on this specimen was shown by Raman spectroscopy to be magnetite 
covered by a layer of hematite (α-Fe2O3), consistent with previous analyses which show 
such millscale to be a layered wustite (FeO), magnetite, and hematite film [8]. The short 
potential arrest in the region −500mV to −600 mV suggests that reduction of the oxide 
 
Fe3O4  +  8H+  +  2e−  →  3Fe2+  +  4H2O        (4.1) 
 
via galvanic coupling to anodic metal dissolution  
 
Fe  → Fe2+  +  2e–             (4.2) 
 
is sustained for only a short period of time before active dissolution conditions involving 
the coupling of reaction 2 to water/proton reduction on the steel surface becomes the 
dominant reaction [6] when ECORR falls to –760 mV. 
By contrast, in the first stage of the study to be described in Chapter 3, and 
elsewhere [7], a specimen covered with an incomplete layer of FeCO3 and Fe3O4 as a 
consequence of preconditioning to simulate anaerobic pipeline conditions, initially 
established an ECORR of ~ −860 mV in an anaerobic carbonate/chloride/sulphate solution 
(pH = 8.9).  Over a period of 25 days, ECORR increased slowly before undergoing a rapid 
transition to −550 mV accompanied by an increase in corrosion rate (determined by 
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linear polarization measurements [LPR]) [7] (Chapter 3). While this transition may have 
been initiated by traces of O2 in the solution, it was concluded that corrosion at the base 
of pores in the corrosion product film was sustained by H+ reduction (from HCO32− 
dissociation) on the conducting Fe3O4 layer on the steel surface [7] (Chapter 3).  
It is clear from these observations that the balance between active and local 
corrosion is dependent on many features, not least of which are the physical and chemical 
properties of the oxide present.  The primary goal of this project is to investigate the 
influence of how successive cycling between anaerobic/aerobic conditions affect the 
corrosion behaviour of the steel once the galvanic coupling scenario previously described 
[7] (Chapter 3) has been established.  The progress of the corrosion reaction was 
followed by monitoring the corrosion potential (ECORR) and measuring the corrosion rate 
using the LPR technique.  The corrosion products were analyzed by several surface 
analytical techniques: scanning electron microscopy (SEM) to determine film 
morphology; focused ion beam milling (FIB) to produce cross sections allowing the 
determination of the thickness and porosity of corrosion products; and Raman 
spectroscopy for iron phase identification. 
 
4.2     Experimental Details 
 
4.2.1 Materials, Electrodes, and Solutions 
A516 Gr 70 carbon steel (0.23 C; 1.11 Mn; 007 P; 010 S; 0.26 Si; 0.01 Cu; 0.01 
Ni; 0.02 Cr; 0.004 Mo; 0.036 Al; 0.019 V; 0.003 O [μg g–1], balance Fe), purchased from 
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Unlimited Metals (Longwood, Florida), was used during the corrosion experiment.  The 
majority of the experimental details have been discussed in Chapter 3.   
 
4.2.2      Experimental Procedure 
Figure 4.1 shows the potential profile used to pretreat the steel coupon and to 
follow its subsequent corrosion behaviour.  The pretreatment stages (1 to 3) have been 
described previously [7] (Chapter 3).  Once pretreated, the electrode was rapidly 
transferred through the air to the cell containing the Ar-purged solution (stage 4).  
 
 
FIGURE 4.1:  Potential profile used during electrode preconditioning and throughout the 
corrosion experiment. The various stages are described in the text. 
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Subsequently, the purge gas was periodically switched from Ar to O2 and back (stages 5 
to 8). At the end of stage 8, the electrode was removed from the cell for analysis. 
ECORR was monitored continuously through stages 5 to 8, except for brief periods 
during which LPR (and also EIS measurements to be described in Chapter 5) were 
performed, every 12 and 48 hours, respectively.  LPR measurements were performed by 
scanning the potential ± 10 mV from ECORR at a scan rate of 0.1 mV s–1, and required a 
total of 10 minutes.  Polarization resistance (RP) values were defined as the linear 
averaged slope of the voltage/current relationship [9, 10]. CRs were determined by 
converting RP values using the Stern-Geary [11] method and using Tafel slope values (ba 
= 86 mV, bc = 200 mV) determined elsewhere [7] (Chapter 3). 
 
4.2.5    Surface Analysis 
At the completion of the corrosion experiment, stage 8, the specimen was 
removed from the exposure solution, rinsed in Millipore water and left to dry under 
anaerobic conditions within an Ar-purged glovebox (with [O2] < 1 ppm).  SEM was 
performed to observe the film morphology, and energy dispersive X-ray spectroscopy 
(EDX) was used to elucidate elemental composition (Hitachi S4500).  A Renishaw 2000 
Raman spectrometer with the 632.8-nm laser line using an Olympus microscope with a 
50× magnification objective lens was used to identify the phases present. 
A ZEISS 1540 XB field emission gun-scanning electron microscope (FEG-
SEM), equipped with a focused ion beam (FIB) system, was used to image and cross 
section the corroded specimen.  The FIB uses gallium ions to mill a region of interest 
with nanometer scale precision.  Imaging was performed using an accelerating voltage of 
113 
 
1.0 keV to produce high resolution images.  An Oxford Instruments’ INCAx-sight EDX, 
operating at a voltage of 10 kV, was used for elemental analysis. 
To measure the depth of corrosion penetration, the electrode was cross sectioned. 
The specimen was embedded in an epoxy cold mounting resin, and polished with a series 
of silicon carbide papers up to 1200 grit.  After polishing, samples were examined by 
SEM to measure the depths of corrosion penetration and the thickness of corrosion 
product deposits. 
 
4.3      Results 
 
4.3.1 Corrosion Potential (ECORR) and Corrosion Rate (CR) Measurements 
As discussed previously [7] (Chapter 3), the pretreated steel surface was covered 
with a non-uniform layer of siderite (FeCO3) and magnetite (Fe3O4), with small amounts 
of maghemite (γ-Fe2O3), the latter probably produced by the short air exposure on 
transferring the specimen from the pretreatment cell to the corrosion cell.  
Figure 4.2 shows ECORR recorded on this pretreated electrode through the 
sequence of anaerobic (1,3,5,7) and aerobic (2,4,6) stages.  Also shown are the RP values. 
Time zero, refers to the beginning of stage 5 as shown in Figure 4.1.  A number of brief 
oxygen excursions also occurred (after 105, 118 days), generally when it was necessary 
to replace the Ar tank supplying the purge gas.  At the beginning of the final stage (8, 
Figure 4.3), inorganic sulphide was added to the solution to a concentration of 1 × 10−3 
mol L–1. 
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FIGURE 4.2:  Corrosion potentials (ECORR) and polarization resistances (RP) measured 
during alternating anaerobic (Ar, stages 1, 3, 5, 7, 8) and aerobic (O2, 
stages 2,4, 6) conditions.  The dashed line on day 27 marks the time of the 
first film transition discussed in reference [7].  The period designated by 
(a) is the post-transition region discussed in Section 4.3.1. 
 
The behaviour observed up to the ECORR transition after 27 days has been 
published and discussed previously [7] (Chapter 3).  Immediately following this transition 
(period a in Figure 4.2) ECORR was unstable, and the cycling over the range ~ –500 mV to 
~ –650 mV may be due to attempts to reverse the transition.  Eventually, a steady-state 
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value of ~ −550 mV was achieved over the period 32 to 44 days.  This transition was 
accompanied by a decrease in RP from ~ 1.5 × 104 ohm cm2 to a value which stabilized 
around ~ 3 × 103 ohm cm2 once ECORR approached steady-state.   
On switching the purge gas to oxygen after 44 days (the onset of stage 2, Figure 
4.2), ECORR increased to ~ –450 mV within minutes, indicating a rapid change in redox 
conditions at the steel surface.  Over the next ~ 15 days, ECORR increased, with periodic 
relaxations to more negative values, from –400 mV to –350 mV.  This value was similar 
to the value of –380 mV measured on pipeline steel buried in a quartz-based soil with ~ 
58% moisture content (pH = 7) under anaerobic conditions [12].  The rapid increase in 
ECORR was accompanied by a marked drop in RP (to ~ 103 ohm cm2) indicating that the 
steel surface was not completely protected by the corrosion product deposit formed 
during the anaerobic period.  Throughout this O2-purged period (stage 2, Figure 4.2) the 
value of RP tended to increase and decrease with ECORR suggesting the presence of 
varying redox conditions at the steel surface.  However, the changes in RP must be 
considered relatively minor compared to the large changes in ECORR, suggesting the 
presence of only locally active sites on the steel.  Since the transition in ECORR during the 
first anaerobic period has been attributed to the onset of localized corrosion [7] (Chapter 
3) this is not surprising.  It also seems likely that O2 was being reduced on the conductive 
Fe3O4 surface. 
When Ar was reintroduced into the cell after 84 days (stage 3 in Figure 4.2), 
ECORR dropped slowly to −650 mV over a period of three days, which is considerably 
longer than the short period required to purge O2 out of the solution.  Except during a 
brief period of O2 incursion, ECORR remained at –650 mV, and RP increased steadily from 
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~2,000 to ~5,000 ohm cm2 by day 109.  This value of ECORR was considerably lower than 
the value of –550 mV observed at the end of the first anaerobic period (stage 1, Figure 
4.2).  The RP values were higher (i.e., ~6,000 ohm cm2 compared to ~2,500 ohm cm2) 
than those monitored between days 25 to 44 (stage 1, Figure 4.2), which suggests that the 
corrosion process had been modified considerably by the changes in film properties 
during the oxygenated stage (2, Figure 4.2). 
On reintroducing O2 at the beginning of stage 4, ECORR again responded rapidly, 
rising to > –400 mV as observed when O2 was first introduced at the beginning of stage 
2.  This confirmed that the corroded electrode remained readily polarized in the presence 
of O2, a feature that led to the expected decrease in RP, Figure 4.2 (stage 4), toward 
values close to those observed in the first O2-purged stage (stage 2, Figure 4.2).  These 
trends continued with each successive O2/Ar cycle (stages 5 to 7, Figure 4.2) with similar 
ECORR and RP values being observed in each aerobic and anaerobic period.  One 
interesting feature is that, on each successive anaerobic cycle, ECORR dropped to a lower 
value (i.e., –550 mV (stage 1), –650 mV (stage 3), and –700 mV (stages 7 and 8, Figure 
4.2)). 
Beyond 143 days, Ar-purging was maintained for the remainder of the 
experiment (stages 7 and 8 in Figure 4.2).  During this time, the value of ECORR varied 
over the range –650 mV to –700 mV, and some of the variations may reflect minor O2 
incursions.  Despite these fluctuations, RP (~3,000 ohm cm2) remained effectively 
constant.  The addition of sulphide after 202 days leads to a small increase in ECORR but 
did not influence the value of RP.  The influence of sulphide will be addressed in 
Chapters 7 and 8.  
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FIGURE 4.2:  Corrosion rates (CR) measured during alternating anaerobic (Ar, stages 1, 
3, 5, 7, 8) and aerobic (O2, stages 2,4, 6) conditions. The dashed line on 
day 27 marks the time of the first film transition discussed in reference [7]. 
The shaded areas are CRs reported from field sampling methods [2]. 
 
Figure 4.3 shows the corrosion rates (CR) calculated from the RP values 
compared to values reported from field measurements [5].  The field values range from < 
10 µm yr−1 under anaerobic field conditions to a wide range of values, from 40 µm yr−1 to 
200 µm yr−1, under aerobic field conditions [5].  This wide range is presumably due to the 
varying availability of O2 under field conditions.  This comparison shows that our 
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laboratory measured values are within the range of field values for aerobic conditions, but 
only match field values under anaerobic conditions for times prior to the transition in 
ECORR at ~ 27 days.  Once this transition has occurred, the laboratory values are in the 
range 40 µm yr−1 to 60 µm yr−1 which is considerably above the field values for 
anaerobic corrosion [5].  In Chapter 3, and elsewhere [7], the transition in ECORR was 
attributed to the separation of anodes and cathodes, with corrosion beyond the transition 
being supported by proton (from HCO3– dissociation) reduction on magnetite-covered 
areas of the steel surface.  Since our laboratory solution contains considerably more 
HCO3– than would be present in field groundwaters, one likely reason for the discrepancy 
between field and laboratory CRs is the availability of protons. 
 
4.3.2 Surface Analysis of Pretreated Steel After 238 Days 
After 238 days of exposure the coupon was removed from the exposure solution 
for surface analysis.  Figure 4.4 shows an optical image of the corroded surface.  Two 
distinct surface features were observed; (i) a uniform, compact, black deposit covering ~ 
75% of the steel surface; and, (ii) a large, flaky, porous, orange deposit (tubercle) 
occupying the remaining ~ 25% of the surface.  Figure 4.5 shows SEM micrographs of 
the compact black deposit.  Nodular deposits of micrometer dimensions appear as distinct 
clusters on a compact sub-layer, suggesting they grew at these locations by the supply of 
Fe2+ through the underlying film.  EDX analyses (not shown) show that the minor  
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FIGURE 4.3:  Optical image of the corroded steel surface after 238 days of exposure. 
 
 
(a)                                                               (b) 
FIGURE 4.4:  (a) and (b) are SEM micrographs of the compact black surface layer 
covering the majority of the steel surface (as shown in Figure 4.4). 
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(a)                                                                    (b) 
FIGURE 4.5:   SEM micrographs, prepared by FIB milling, of the compact black deposit: 
(a) area not covered by a nodular deposit; (b) covered by nodular deposit. 
 
 
 
 
 
 
 
 
FIGURE 4.6:  Raman spectra of referenced magnetite and maghemite minerals compared 
to a spectrum recorded on an area covered with a black nodular deposit. 
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brighter, evenly distributed deposit contains sulphur, presumably in the form of iron 
sulphide, which was formed when sulphide was added after 202 days, Figure 4.2.  Figure 
4.6 shows SEM images of cross sections of the compact black deposit prepared using a 
focused ion beam (FIB).  Major cracks in the corrosion product layer are due to the film 
drying process.  However, as indicated in Figure 4.5b, pores present during the corrosion 
process also exist in regions covered by the nodular deposits, further evidence that these 
deposits were formed by dissolved iron transported through the surface film.  The layer is 
relatively uniform with a thickness of ~ 4.5 μm.  
Raman spectroscopy shows the compact black nodular deposit to be primarily a 
mixture of iron oxides, Figure 4.6.  By reference to standard spectra, Figure 4.7, the peak 
at 657 cm–1 can be attributed to Fe3O4  (reference, 668 cm–1 [13]), and the peaks at 509 
and 657 cm–1 to maghemite (γ-Fe2O3) (reference, 507 and 665 cm–1 [13]).  The peak at 
287 cm–1 may correspond to mackinawite (Fe1+xS) (reference, 282 cm–1 [14]), as a result 
of sulphide addition.  The broad peak stretching from 936 to 961 cm–1 suggests fayalite 
(FeSiO4), or sodium silicate (reference 950 cm–1 [15]), corresponding to the ν3 stretching 
mode of SiO4 (reference, 932 and 947 cm–1).  The most likely source of Si is the steel, 
and its accumulation may be due to the preferential dissolution of Fe [16]. 
Figure 4.8 shows SEM micrographs of the tubercle that is several millimetres 
across, Figure 4.4.  Emerging from the edges of the tubercle are several filiform 
structures.  Similar structures have been observed during wet/dry cycles in chloride-
containing solutions [17, 18], and appear to be symptomatic of anaerobic/aerobic/ 
anaerobic cycling.  Figure 4.8 shows SEM images of metallographically-prepared cross 
sections through the tubercle showing that its growth is sustained by the development of a  
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(a)                                                                   (b) 
 
FIGURE 4.7:  (a) and (b) are SEM micrographs showing the edge of the corrosion 
tubercle (as shown in Figure 4.4). 
 
(a)                                                                   (b) 
 
FIGURE 4.8: (a) and (b) are SEM micrographs of a hand polished cross section through 
the tubercle (Figures 4.4 and 4.8) showing the pit in the steel. 
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very large single pit. The pit is ~ 275 μm deep with an aspect ratio of ~ 0.7, indicating an 
almost uniform three dimensional growth.  The pit is also completely filled with 
corrosion product.  Attempts to identify this corrosion product, which is assumed to be 
the same as that which is extruded from the pit to form the tubercle cap, Figure 4, by 
Raman spectroscopy and X-ray diffractometry were unsuccessful, indicating it is 
primarily amorphous in nature.  Reddish/orange tubercles are often reported at aerobic 
field sites, with the dominant iron oxide phases being lepidocrocite and goethite [4]. 
 
4.4       Discussion 
 
The behaviour up to and including the transition in ECORR has been discussed in 
detail previously in Chapter 3, and elsewhere [7], and is addressed briefly in the 
introduction to this chapter.  The transition was attributed to the separation of anodes and 
cathodes with steel dissolution being supported by proton reduction on Fe3O4, present 
after pretreatment and formed during the 26 days prior to the transition.  This separation 
leads to a significant increase in the area of available cathode, which combined with the 
ready availability of protons in the 0.2 mol L–1 HCO3–/CO32– solution, accounts for the 
significant influence on the CR [7] (Chapter 3).  The cycling of ECORR immediately after 
the transition suggests the pit(s) initiated by this process attempt(s) to repassivate, 
presumably by the further growth of Fe3O4 and FeCO3, before a steady-state pitting 
condition is eventually established.  Based on electrochemical evidence alone it is not 
possible to definitively say how many pits were initiated in this manner; however, the 
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analyses on completion of the experiment show that a single pit rapidly becomes 
dominant (Figures 4.4, 4.8 and 4.9). Throughout this period when ECORR fluctuates 
(period a in Figure 4.2) the value of RP decreases (and CR increases, Figure 4.3) 
confirming that open pores (or a single pore) dominate(s) once steady-state conditions are 
established.  
The rapid increase in CR on addition of O2 can be partly attributed to O2 driving 
FeII oxidation on Fe3O4 surfaces.  Although the CR fluctuates throughout this period 
(stage 2, Figure 3) it eventually stabilizes around 100 μm yr−1 demonstrating that the 
surface is not passivated despite the formation of FeIII solids (generally γ-Fe2O3, 
according to Raman spectroscopy).  While the subsequent return to anaerobic conditions 
(stage 3, Figures 2 and 3) leads to a decrease in CR, the rate does not decrease to the pre-
transition value (e.g. t ≤ 27 days); this indicates that the condition of separated anodes 
and cathodes persists.  Subsequent changes from anaerobic to aerobic conditions 
reproduce these changes and confirm that the long term separation of anode(s) and 
cathode(s) can explain the development of the large pit obtained.  
The micrographs shown in Figures 4.5 to 4.9 indicate that two distinct corrosion 
processes occur on the steel surface.  Over the majority of the surface, corrosion is 
general in nature, and leads to the ~ 4.5 μm thick layer of predominantly Fe3O4/γ-Fe2O3. 
Although not demonstrated in this paper, it is likely that Fe3O4 is the dominant phases in 
the inner regions of the film while γ-Fe2O3 is formed primarily at the oxide/solution 
interface [19].  The nodular deposits are most likely γ-Fe2O3 formed when Fe2+diffuses 
through the magnetite and already-formed γ-Fe2O3, and, on contacting the O2-containing 
solution, oxidizes.  Given the thickness of this layer and the insulating nature of γ-Fe2O3 
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it is unlikely that corrosion is maintained at a significant rate at these locations over the 
full 238 day exposure period.  Instead, a majority of the corrosion is focused on one 
single pit location, Figure 4.9.  The relatively low aspect ratio (0.7) of the pit suggests 
both the base and the walls are anodically reactive.  Consequently, the ever-increasing 
size of the anode with successive aerobic/anaerobic cycles must lead to the high anodic 
dissolution rates required to generate local acidity by Fe2+ ion hydrolysis, thereby 
maintaining the pit and preventing the growth of a compact corrosion inhibiting deposit 
at this location.  This localization effect implies a more substantial potential problem for  
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.9:  Schematic describing the effect of adventitious O2 on the corrosion 
behaviour of steel during the post-transition period (period (a) in Figure 
4.2; refer to text for details). 
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external corrosion than would be presumed from measuring CRs alone.  Figure 4.10 is a 
schematic describing the role of O2 plays during post-transition corrosion behaviour. 
In addition to the pipeline industry, anaerobic/aerobic cycling is often observed 
during atmospheric corrosion (due to wet/dry cycling) [20, 21].  It is also observed in 
domestic water pipe systems [22-24], and the variations in CR have been explained in 
terms of the galvanic coupling mechanism represented by reactions (4.1) and (4.2) 
(although Fe3O4 is not the only FeIII-containing corrosion product involved).  Successive 
anaerobic/aerobic cycling tends to favour magnetite and lepidocricite formation [25]).  In 
Chapter 5 a more detailed analysis of these processes will be given based on a more 
detailed inspection of ECORR and CR changes, and EIS measurements. 
 
4.5    Summary and Conclusions: 
 
Commencing with anaerobic conditions, the influence of a series of 
anaerobic/aerobic cycles on the corrosion of pretreated pipeline steel has been 
investigated in a near-neutral carbonate/sulphate/chloride solution (pH ~ 9).  Over a 
period of 238 days both ECORR and CR increased and decreased as the conditions were 
switched to aerobic and anaerobic, respectively.  Upon completion of the experiment, two 
distinct corrosion morphologies were observed.  The majority of the surface corroded 
uniformly to produce a black Fe3O4/γ-Fe2O3 layer ~ 4.5 µm thick.  The remaining surface 
(~ 25%) was covered with an orange, flaky tubercle.  Analysis of a cross sectional cut 
through this tubercle revealed a single large pit ~ 275 µm in depth and up to ~ 190 µm 
across.   The relatively low aspect ratio (0.7) of the pit suggests both the base and the 
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walls were anodically reactive.   This last observation shows that, with repeated 
anaerobic/aerobic cycling the corrosion process becomes localized within this single 
location. 
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Chapter 5 
 
CARBON STEEL CORROSION UNDER ANAEROBIC-AEROBIC CYCLING 
CONDITIONS IN NEAR-NEUTRAL pH SALINE SOLUTIONS – Part 2: 
CORROSION MECHANISM  
 
5.1    Introduction 
 
A change from anaerobic to aerobic conditions is a particularly damaging 
corrosion scenario for pipeline steels [1, 2].  In Chapter 4 a general discussion of the 
evolution of the corrosion behaviour throughout a 238 day experiment was given, during 
which anaerobic and aerobic conditions were applied.  In this chapter a more extensive 
discussion of the details of this experiment is given.  Chapter 4 described the changes in 
corrosion potential (ECORR) and corrosion rate (CR) over the exposure period of 238 days, 
and discussed the results of the surface analyses on the corrosion product deposits 
performed at the conclusion of the experiment.  In this chapter the evolution in film 
properties are described from the concurrent electrochemical impedance spectroscopy 
(EIS) that was applied during corrosion potential measurements.  In addition, a more 
detailed mechanism is developed. 
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5.1.1. Thermodynamics of the Iron/Water System 
Since carbon steel is an iron-based material, an analysis of the thermodynamics of 
the iron/water system is useful to assess the oxidation and reduction reactions possible at 
a given pH and potential.  Zhang et al. have recently discussed the possible iron reactions 
based on thermodynamics, and reviewed the fundamental electrochemical behaviour of 
carbon steel in simple borate solutions at pH 10.6 [3].  On pipelines, and in the presence 
of groundwaters, anodic Fe2+ dissolution can occur in the vicinity of the disbonded tape 
coating: 
 
Fe → Fe2+ + 2e–         (5. 1) 
 
Thermodynamically, in alkaline conditions, it is possible to form a passive film on the 
steel surface as the solubility of iron oxides/hydroxides decreases in the order [3]: 
 
Fe(OH)2  >  Fe3O4 >>  Fe2O3        (5. 2)  
 
The equilibrium potentials for the important electrochemical reactions possible on iron in 
water are summarized in Figure 5.1 and illustrate the complexity of the possible 
oxide/hydroxide system using values obtained from ref. [4].  This particular diagram 
applies to a pH of 10.6, whereas groundwaters are typically near-neutral; however, it can 
act as a useful reference point for interpreting some of the observed corrosion products.   
Experimentally, Fe2+ dissolution is observed over the potential range from –900 mV to  
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–600 mV (all potentials are referenced to the saturated calomel electrode [SCE], +241 
mV vs. the standard hydrogen electrode [SHE]), when the formation of Fe(OH)2 and 
Fe3O4 is also possible.  In principle, Fe3O4 may be formed either directly from iron or via 
the formation of the intermediate Fe(OH)2.  Over the potential range from –500 mV to 0 
mV, Fe2+ or Fe(OH)2 can be oxidized to form various ferric species (e.g. maghemite  
 
 
 
 
 
 
 
 
 
 
FIGURE 5.1: Equilibrium potentials for the Fe/H2O system. The short vertical lines 
indicate equilibrium potentials for a given redox pair at pH = 10.6 and 
25ºC. The diagonal arrows represent possible non-electrochemical 
processes.  Courtesy of ref. [3]. 
 
[γ-Fe2O3], lepidocrocite [γ-FeOOH] and possibly goethite [α-FeOOH] [3]).  Within this 
range, solid state film conversion may also occur via the transformation of magnetite 
(Fe3O4) to maghemite, which can occur rapidly, since both phases share a similar 
132 
 
crystallographic structure [3].  Uniform film formation may not happen as film 
transformation processes (e.g. Fe(OH)2 → α-FeOOH) may be accompanied by changes in 
iron oxide/oxy-hydroxide volumes, which could lead to film breakdown and a surge in 
metal dissolution [3]. 
While the data at pH 10.6 illustrates how the phases formed may differ with 
potential, it is calculated for a pure water system.  However, groundwaters to which the 
pipeline steel will be exposed will have a lower pH and contain anions, in particular Cl−, 
CO32−, and SO42−, which are likely to have a significant influence on corrosion behaviour 
[1, 2].  Of these anions, bicarbonate is most likely to accelerate Fe2+ dissolution as well as 
produce additional surface deposits [1, 5, 6]. 
Based on the thermodynamics of the Fe/H2O system [7], within the normal pH 
range expected for groundwaters (i.e. pH 5.3 to 7), the corrosion inhibiting phases, Fe3O4 
and Fe2O3, are not predicted to be stable.  For this reason CRs are expected to be 
somewhat high; however, carbonate can influence corrosion in this pH range by 
complexing soluble Fe2+ as Fe(CO3)22– [5] and forming siderite (FeCO3).  The E-pH 
diagram for the Fe/H2O/HCO3– system is shown in Figure 5.2 and shows that, as the pH 
is lowered, the FeCO3/Fe3O4/Fe2O3 phases become unstable, and hence CRs would be 
expected to increase with decreasing pH. 
Figure 5.3 shows solubility-pH plots for Fe2+ and Fe3+ and indicates that Fe2+ will 
be soluble in the near-neutral pH range, unless it is precipitated by anions such as 
carbonate, while FeIII solids should be relatively insoluble [4, 8].  Thus, under natural 
groundwater conditions (i.e. in the pH range of 5.3 to 7) passivity leading to low CRs is 
not expected. 
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FIGURE 5.2: Pourbaix (E-pH) diagram for the Fe/H2O system in 5 × 10–2 mol L–1  
HCO3–.  All other soluble species were set at a concentration of 1 × 10−6 
mol L−1.  The diagram was created using OLI Corrosion Analyzer (v. 2.0). 
 
Thus, thermodynamics would be expected to influence the corrosion process primarily 
via solubility equilibria, according to which phase(s) formed, which is a function of the 
composition and redox potential of the solution. 
Under anaerobic conditions, the E-pH diagram (Figure 5.2) shows Fe is unstable 
in H2O.  This coupled to the high solubility of Fe2+ should lead to significant CRs.  In  
groundwater systems, the anion most likely to moderate solubility is CO32– leading to 
formation of siderite (ksp = ~ 10–10.8) [9].  Under aerobic conditions the insolubility of the 
Fe3+ state will lead to the rapid formation of insoluble FeIII oxy-hydroxides, which would 
be expected to, at least partially, inhibit corrosion. 
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FIGURE 5.3:  Calculated solubilities for hydrated FeII and FeIII species in water as a 
function of pH, courtesy of ref. [8]. The pKa and pKsp values used for these 
calculations were taken from ref. [4]. 
 
5.1.2 Electrochemical Studies of the Iron/Water System 
While thermodynamic studies are useful in predicting stable species, they offer no 
kinetic information regarding the rates of redox reactions.  Recently, the corrosion 
products obtained during potentiostatic and potentiodynamic experiments have been 
reported [3, 8] for pH 10.6 conditions.  In potentiodynamic experiments, over the 
potential range –800mV and –600 mV magnetite appears to be the kinetically favoured 
surface phase, while maghemite is the dominant phase between –500 and –200 mV 
(anaerobic, 25ºC, 1 × 10–2 mol L–1 borate pH 10.6 solution) [8].  In addition, at high 
potentials (E > 400 mV), lepidocrocite was observed [3].  Weeklong potentiostatic 
experiments showed a similar distribution of products [8]; however, electrochemical 
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experiments of this nature yield only general guidance with respect to the expected 
behaviour under the exposure conditions considered in this chapter. 
In solutions containing bicarbonate/carbonate, sulphate, chloride, and sulphide 
(from microbial processes), in particular, considerably more complex behaviour would be 
expected, some of which were investigated by  Lee et al. [10].  By choosing an applied 
potential in the range –750 mV to –775 mV, they attempted to simulate anaerobic 
corrosion conditions, and used in situ Raman spectroscopy to identify the phases formed.  
Based on these studies, the following observations are noted: 
 
•  In solutions in which carbonate is the dominant anion, siderite forms. 
 
•  In mixed anion-solutions containing carbonate/sulphate/chloride, in which 
carbonate does not dominate, a mixture of magnetite and siderite is formed. 
 
•  The presence of traces of dissolved oxygen can lead to the formation of green 
rusts (GRs). 
 
While electrochemical experiments attempt to simulate natural corrosion environments, 
the implicit assumption is that the behaviour observed at the applied potential simulates 
that expected under natural corrosion conditions; i.e., at the corrosion potential (ECORR).  
These experiments are relevant to understanding pipeline corrosion conditions since 
similar anions are found in groundwaters for non-sulphide containing environments; 
however the anion concentrations used by Lee et al. [11] are high relative to natural 
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groundwaters.  The influence of traces of oxygen is intriguing, since soils are expected to 
contain low levels of O2, due to seasonal variations in soil conditions.  Since Lee et al. 
observed ECORR values in the range of –845 mV and –795 mV, in these mixed anion 
solutions under nominally anaerobic conditions, their observation of FeIII-containing GR 
is a clear signature for the presence of traces of O2.  Like the experiments of Lee et al. 
[11], the experiments described and discussed in the present chapter were conducted 
under open-circuit conditions.  In addition, the cycling between anaerobic and aerobic 
conditions adds an additional dimension, compared to electrochemical experiments 
conducted by Lee et al. [11], which were conducted solely under anaerobic conditions. 
 
5.2    Experimental Details 
 
The majority of the experimental details have been described previously in 
Chapters 3 and 4.  All potentials referred to in the text are referenced to the saturated 
calomel electrode (SCE; 0.241 V vs. SHE) (Radiometer Analytical, Loveland, CO).   
During the corrosion experiment, ECORR was monitored continuously, except for 
brief periods during which EIS measurements were performed every 48 hours.  To record 
one impedance measurement, 1.5 hours was required.  EIS was performed using a 
Solartron 1480 Multistat Potentiostat, running Corrware and ZPlot softwares (versions 
2.6 and 2.8, respectively, Scribner Associates), coupled to a Solartron 1250 or 1255B 
frequency response analyzer.  Measurements were made using a sinusoidal input 
potential with an amplitude of ± 10 mV at individual frequencies over the range of 106 to 
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10–3 Hz.  To ensure steady-state was maintained over the duration of the experiment, 
spectra were recorded at one frequency per decade in a reverse scan.  Kramers-Kroning 
transformation of the experimental data was performed using in-house software (version 
1.3.0, produced by Z. Qin) to ensure their validity, and fitting of the impedance data was 
performed using Zview (version 2.80, produced by Scribner Associates).  
 
5.3    Results and Discussion 
 
5.3.1 The Potential Transition Under Anaerobic Conditions (Day 25) 
As described in Chapter 3 the potential undergoes a major film transition from  
< –800 mV to ~ –550 mV after ~ 25 days of exposure.  This is accompanied by a 
significant change in impedance behaviour as shown in Figure 5.4, which shows Bode 
plots of the EIS spectra recorded before (day 25) and after (day 27) the transition.  This 
transition was attributed to the evolution from general corrosion to localized corrosion: 
i.e., the separation of anodes and cathodes ([12], Chapter 3).  The overall decrease in 
impedance as the low frequency limit is approached (i.e., 10–3 Hz) is consistent with the 
observed increase in CR (Figure 3.5, Chapter 3).  The spectrum recorded prior to the 
transition was fitted to the equivalent circuit shown in Figure 5.5.  Under these 
conditions, we have interpreted the results to mean H+ reduction (supplied by HCO3– 
dissociation) occurs at the outer surface of the magnetite-containing deposit; 
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FIGURE 5.4: EIS spectra recorded pre- and post-transition on days 25 and 27, 
respectively. 
 
 
 
 
 
 
 
 
 
FIGURE 5.5: The equivalent circuit used to fit the impedance data prior to the transition 
at times < 25 days ([12], Chapter 3). 
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this process supports anodic metal dissolution at the base of pores located within the 
deposit ([12], Chapter 3).  Once the transition has occurred, ECORR is considerably more 
positive than prior to the transition; thus, the anodic metal dissolution reaction will be 
strongly polarized.  The observed increase in CR (Figure 3.5, Chapter 3) accounts for the 
large drop in impedance in the frequency range around 10 Hz (Figure 5.4, from ~ 1000 
ohms to ~ 20 ohms).  The low frequency behaviour (27 days) can be attributed to a 
diffusional process within the porous locations present on the post-transition surface. 
 
5.3.2 Post-Transition Anaerobic Period (Day 26 to Day 44) 
Immediately following the transition ECORR is unstable over a period of 3 days 
(Figure 5.6).  The 2 periodic decreases in ECORR in this region may indicate attempts to 
return to the pre-transition state and appear to be mirrored in the changes in the CR.  
Once these “oscillations” cease, the CR stabilizes at a steady value considerably higher (~ 
65 μm yr–1) than that observed immediately before the transition (~ 10 μm yr–1).  One 
possible reason for these “oscillations” is that a number of additional local corrosion sites 
initiate and, after unsuccessful attempts to repassivate, stabilize as local corrosion sites.  
Partly based on surface analysis, we have proposed that these locations appear to require 
traces of O2 to initiate film breakdown (Chapter 3, [12]).  Thus, it seems equally likely 
(perhaps more than likely) that these “oscillations” involve events within a single site 
(that eventually can be shown to dominate topography and corrosion) or within a small 
number of sites (Figure 3.5, Chapter 3).   
Over the remainder of this anaerobic period (up to ~ 44 days) the impedance 
spectra show only small changes (Figure 5.7).  The peak in the phase angle plot shifts 
140 
 
slightly to lower frequencies and the phase angle value, at the low frequency limit, 
decreases (in absolute value) considerably.  The increase in CR (Figure 5.6) coincides 
with this change in low frequency response.   
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5.6: Changes to ECORR and CR with time for the anaerobic period (1) pre- and 
post-transition period between days 25 to 44 days. 
 
The increase in CR over the period 27 to 33 days coincides with the period over 
which the transient decreases and increases in ECORR occur.  This suggests that the 
eventual steady-state CR achieved after 33 days can be attributed to an increase in 
exposed steel surface at the base of pit(s) in the magnetite/siderite film.  A likely scenario 
is that the rapid increase in CR as a consequence of the transition leads to local Fe(OH)2 
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formation and local acidification.  In this scenario, the steady-state CR prevailing beyond 
33 days would be regulated by dissolution of the deposit and the diffusive flux of Fe2+ out 
of the pit(s). 
 
 
 
 
 
 
 
 
 
FIGURE 5.7: EIS spectra measured during the anaerobic post-transition period (1) 
between days 32 and 44. Points represent data and lines are fits to the 
equivalent circuit in Figure 5.8. 
 
To account for the formation of corrosion product deposits within these pores, the 
equivalent circuit used to fit the pre-transition spectra (Figure 5.5) was modified to 
include a third time constant.  This was comprised of the parallel combination of a 
capacitance (expressed as a constant phase element, CPEdep) and resistance (Rdep) to 
simulate the properties of the deposit; this applied to fits for all EIS spectra measured 
post-transition (> 25 days) as shown in Figure 5.8.  
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A distinct time constant response around 10 Hz is not clearly apparent in Figure 
5.7, but is obvious at longer times.  This feature is attributed to the charge transfer 
process at the metal/solution interface at the base of pits, represented in the equivalent 
circuit by the parallel combination of the charge transfer reaction, RCT, and the double 
layer capacitance, Cdl.  A primary reason for this assignment is that it is the impedance in  
 
 
 
 
 
 
 
 
 
FIGURE 5.8:  The equivalent circuit used to fit the EIS spectra recorded in the anaerobic 
post-transition period (25 to 44 days, Figure 5.6). 
 
this frequency range which responds directly to changes in CR (and ECORR), and the 
change is consistent with an increased polarization of the anodic steel dissolution reaction 
([12], Chapter 3).  The impedance response at lower frequencies (~ 10–1 Hz) is attributed 
to the properties of the film and governed in the equivalent circuit by its capacitance (CF) 
and the porosity of the pore(s) within it.  In fitting the spectra, constant phase elements 
(CPE) were used to account for non-ideal capacitances, as indicated in Figure 5.8. 
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A Warburg element (W) was required in series with the charge transfer resistance 
in order to accurately fit the spectra in the low frequency range (< 10–2 Hz), especially for 
spectra recorded after the transition.  A Warburg element is often included for systems 
experiencing diffusion limitations [13].  As the porosity and tortuosity of diffusive 
pathways are expected to increase as the tubercle grows, it is not surprising that mass 
transfer limitations become significant.  The inclusion of the Warburg element has a very 
significant effect on the exponents of the CPE elements, which are defined by: 
 
 Z(ω) = (C (jω)P)–1         (5. 3) 
 
where j = (–1)1/2, and ω is the frequency of the input potential signal.  When the exponent 
p = 1, C represents a capacitor, and deviations of p to values < 1 indicate deviations in 
perfection of the capacitance (e.g., frequency dispersion due to surface roughing).  If p = 
0.5 then the CPE would be equivalent to an infinite Warburg element [14].  The inclusion 
of the Warburg element (p fixed at 0.5) allows the p values for all three CPEs to be fixed 
at 0.8 while fitting all impedance spectra. 
 
5.3.3 The First Aerobic Period (Day 45 to Day 83) 
The introduction of oxygen leads to an immediate surge in ECORR and the CR, 
Figure 5.9, consistent with an immediate acceleration of steel oxidation/dissolution.  It is 
likely this occurs primarily at the base of the localized corrosion site(s) established during 
the transition and over the post-transition anaerobic period, although the long-term 
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buildup of an ~ 4.5 μm thick surface layer over the whole surface (Figure 4.6, Chapter 4) 
indicates corrosion continues at these locations, especially during this early aerobic 
period.  Within the data, ECORR increases to a maximum value (–350 mV, Figure 5.8) by 
day 54 before decreasing to ~ –510 mV after 84 days.  Overlying this overall trend are 
local upward/downward movements in ECORR, many of which correlate with changes in   
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5.9:  Changes to ECORR and CR with time for the aerobic period (2) between 
days 43 and 84. 
 
CR.  An attempt to summarize, and indicate the implications of, these changes is given 
schematically in Figure 5.10. 
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FIGURE 5.10: Schematic illustrations indicating the proposed mechanisms for steel 
corrosion during the aerobic period (2), based on the trends in ECORR and 
CR (Figure 5.9). 
 
The rapid decrease in both ECORR and the CR over the period of 45 to 48 days 
suggests the initial surge in CR leads rapidly to corrosion-inhibiting conditions, probably 
the formation of Fe(OH)2.  The subsequent erratic rise in ECORR and fall in CR (48 to 54 
days, Figure 5.9) indicates an attempt to passivate, a process inhibited by trace amounts 
of dissolved O2.  This species can react with dissolved Fe2+ within pores, which leads to 
the production of Fe3+ 
 
 4Fe2+ + O2 + 2H2O →4Fe3+ + 4OH–        (5.4) 
 
Corrosion stifled 
by formation of 
deposits 
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The kinetics of this reaction would be influenced by the presence of HCO3– which is 
known to stabilize Fe2+, in the soluble form, as FeHCO3+ [15, 16].  However, once the 
aqueous species was formed, Fe3+ would rapidly hydrolyze, 
 
Fe3+  +  xH2O  →  Fe(OH)x(3–x)+  +  xH+                        (5.5) 
 
to produce protons, a process which would overwhelm the production of OH– via reaction 
(5.4) and lead to the acidification of the pore.  Since the solubility of ferric ions is low 
even in acidic solutions, Figure 5.3, the diffusion of Fe(OH)x(3–x)+  species out of the 
pores would lead to their precipitation as insoluble FeIII oxy-hydroxides on encountering 
the neutral bulk solution thereby contributing to the growth of the tubercle cap (Figure 
4.4, Chapter 4).  The decrease in CR over this period (46 to 55 days) could be attributed 
to a combination of the deposition of FeIII oxy-hydroxides deep within the developing 
tubercle (Figure 4.8, Chapter 4) and the increased diffusion path length for O2 to cathodic 
sites.  While the exact location of cathodic sites is unclear, they are likely to be within 
close proximity of (and/or within) the tubercle site. 
The subsequent variations in ECORR and CR indicate extensive time periods over 
which the surface periodically activates corrosion sites (55 to 65 days) or stifles them (65 
to 72 days), Figures 5.9 and 5.10.  Since externally controlled redox conditions remain 
constant throughout the exposure period (i.e., the [O2] is constant), the major period of 
surface activation (day 55 to day 64, Figures 5.9 and 5.10) can only be attributed to 
depolarization of the steel dissolution reaction and not to an increased polarization of the 
cathodic reaction.  This must involve a loss of local passivity, due either to the creation of 
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new pits or the expansion of the major pit shown eventually to dominate the corrosion 
behaviour (Figure 4.9a, Chapter 4).  The most likely cause of stifling is the accumulation 
of FeIII oxy-hydroxides at these sites, as described above.  The increasing accumulation 
of corrosion product deposit will also limit the diffusive flux of residual O2 within the 
film/tubercle.  Based on these measurements alone it is not possible to say whether these 
trends reflect the behaviour at a single site or at a number of sites.  Eventual analyses 
after 238 days of exposure show corrosion became localized at a single site (Chapter 4) 
making it possible or even probable that these changes reflect primarily the behaviour of 
very few sites. 
The relative importance of the individual processes will be a function of pH, 
anion type and concentration, since many of these reactions are influenced by the anions 
present [17-22].  As a general rule, carbonate would be expected to stabilize Fe2+ and Cl– 
to facilitate the conversion of Fe2+ to Fe3+. 
Two additional observations are worth noting from the data.  The increasing-
decreasing cycling in the CR eventually disappears, and this is accompanied by an overall 
decrease in ECORR to a final potential of –540 mV, Figure 5.9.  This long term 
stabilization in ECORR suggests that changes to the surface are ceasing, and that individual 
regions are adopting a long term character as either active or passive regions.  This 
process between 72 and 82 days has been indicated as a slow activation of the surface, as 
per the cartoon in Figure 5.10.  As this is accompanied by a steady, but slow, increase in 
CR, it is consistent with a slow localization of corrosion at very few or even one single 
tubercle site, which was shown eventually to dominate the overall corrosion process 
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(Figure 4.4, Chapter 4).  The second notable feature is that the impedance spectra 
recorded over this aerobic period showed only minor changes in the frequency range  
 
 
 
 
 
 
 
 
 
FIGURE 5.11: EIS spectra measured during the aerobic period (2) between days 45 and 
85.  Points represent data and lines are fits to the equivalent circuit in 
Figure 5.8.  
 
from 10 to 10–2 Hz and two distinct periods of different behaviour in the very low 
frequency range (< 10–2 Hz), Figure 5.11.  Spectra recorded prior to 61 days show an 
increasing phase angle over the frequency interval (10–2 to 10–3 Hz) while spectra 
recorded at longer times show a significant decrease in phase angle over this frequency 
range.   
Based on the mechanism proposed by Stratmann and Muller, oxygen reduction 
would be expected to occur primarily within the rust layer and not at the metal/solution 
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interface [23].  For our system, given the porosity of the orange tubercle compared to the 
black, compact film on the remainder of the surface, and the impedance response at low 
frequencies, which we have identified as containing a contribution from O2 diffusion, we 
suspect O2 reduction occurs mainly deep within the tubercle/pit.  However, at short 
exposure times (such as within aerobic period 2) others have indicated that O2 reduction 
[24, 25] may also occur on the surface of the magnetite (Fe3O4) layer adjacent to the 
tubercle (Chapter 4), since magnetite is conductive and could act as a second cathode.  At 
longer exposure times as the general surface layer thickens and potentially covered with 
maghemite, γ-Fe2O3, (Chapter 4) the ability of these locations to act as cathodes will be 
eliminated. 
 
5.3.4   Anaerobic Period (Day 86 to Day 104) 
On switching back to Ar-purging (anaerobic period (3), Figure 4.2, Chapter 4), 
ECORR decreases over a period of a few days accompanied by a decrease in CR, Figure 
5.12.  The duration of the change in ECORR and especially the decrease in CR cannot be 
explained as a direct response to the deaeration of the solution on switching to Ar-
purging, since purging to a very low steady-state level of dissolved O2 is expected to be 
complete in less than 1 hour.  Rather, it is a slow system response triggered by the 
removal of oxygen that occurs over a much longer period of time. 
Inspection of ECORR and CR trends at the beginning of subsequent aerobic to 
anaerobic switches (e.g., period (7) [142-150 days], Figure 5.12) show similar behaviour; 
a slow decrease in ECORR, accompanied by a decrease in CR.   In the absence of dissolved 
oxygen, there are only two possible sources of cathodic reagent: (i) protons from HCO3– 
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dissociation, which were presumed to sustain corrosion prior to the first aerobic period 
(2); and, (ii) reducible FeIII oxy-hydroxides hydroxides (or very small amounts of Fe3+ 
soluble species) produced at the metal surface during the aerobic period (2).  Since the 
effect is transitory, the second possibility seems more likely; that higher levels of 
corrosion are temporarily supported by the galvanic coupling between reducible FeIII 
oxy-hydroxides coupled to steel (Fe) oxidation/dissolution under these deposits.  While  
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5.12:  Changes to ECORR and CR with time for anaerobic period (3) (days 85 to 
104) and anaerobic period (7) between (days 144 to 160). 
 
proton reduction (from HCO3– dissociation) could, in principle, occur at these potentials 
on the magnetite/maghemite film surrounding the tubercle (Chapter 4), it is unlikely to be 
the sustaining cathodic reaction. 
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This work has applications to other systems, which support the above 
interpretation; specifically aerobic/anaerobic cycling that is often observed in domestic 
water pipe systems.  Flowing water contains dissolved oxygen, whereas stagnant water 
becomes anaerobic since any dissolved oxygen is readily consumed by steel corrosion 
and the conversion of accessible Fe2+ to Fe3+ [26].  Once the oxygen content is effectively 
scavenged, steel corrosion becomes controlled by a combination of H2O, HCO3–, and 
Fe3+ reduction.  For aged water pipes, Kuch noted that a galvanic couple between the iron 
pipe wall and its corrosion products, magnetite and/or lepidocricite (γ-FeOOH) could 
occur [27, 28] and a similar galvanic coupling mechanism has been noted by Stratmann 
et al. [29] and recently modeled by Hoerle et al. [30].  Based on Mossbauer results, 
Stratmann and Hoffman identified γ-FeOOH as the predominant active FeIII-containing 
oxide available for reduction as a consequence of wet/dry cycles during the atmospheric 
corrosion of iron and steel [31].  They specifically point out that in the absence of O2, 
 γ-FeOOH may be partially reduced to a conductive FeII-containing oxide, γ-Fe-OH∙OH, 
which is an FeII-doped lepidocrocite with the same crystallographic structure as  
γ-FeOOH [31].   
In the present case, a similar mechanism involving the coupling of γ-FeOOH 
reduction to metal oxidation/dissolution is claimed to explain the slow decrease in CR 
(and ECORR) on switching to anaerobic conditions [31].  Once it is reduced, the more 
conductive γ-Fe-OH∙OH can support H+ reduction and maintain a constant CR, but at a 
lower value than when Fe3+ can be reduced.   
The impedance response during the anaerobic period (3) is shown in Figure 5.13.  
The most obvious change is a slight increase in the magnitude of the impedance at the 
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low frequency limit and a shift in the peak in the phase angle plot to slightly lower 
frequencies.   
 
 
 
 
 
 
 
 
 
FIGURE 5.13:  EIS spectra measured during the anaerobic period (3) between days 88 
and 104.  Points represent data and lines are fits to the equivalent circuit 
in Figure 5.8. 
 
5.3.5  Aerobic Periods (Days 109 to 119 and 126 to 143) 
Figure 5.14 shows the changes in ECORR and CR over the aerobic periods (4) 
(days 109 to 119) and (6) (days 126 to 143).  Upon addition of oxygen, both ECORR and 
the CR increased indicating the availability of active sites.  Subsequently, both ECORR and 
the CR slowly diminish with time.  The ECORR and CR responses are effectively the same 
for both of the aerobic periods and the similar CR values indicate that, despite the on-
going accumulation of a corrosion product deposit over the tubercle (Figure 4.4, Chapter 
4) there is no evidence for any long term stifling of the tubercle corrosion process.  This 
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behaviour is similar to that observed during the first anaerobic period (2); however the 
response of the steel to the addition of O2 is slightly slower at the beginning of aerobic 
periods (4) and (6) than at the onset of period (2).  In this case, it takes up to 4 days for 
both parameters to achieve their maximum values (–350 mV for period (4) and –450 mV 
for period (6)).  This likely reflects the increasing delay for O2 to gain access to the 
reactive surface(s) through the thickening tubercle deposit.  Regardless, the fact that both  
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5.14: Changes to ECORR and CR with time for aerobic period (4) (days 109 to 
119) to O2 (6) (days 126 to 143). 
 
aerobic periods initiate upward movements in the ECORR and CR values during their early 
stages is consistent with a reduction in passivating FeIII solids from the previous aerobic 
cycle, likely owing to their depletion during the anaerobic periods separating aerobic 
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cycles.  The eventual decreases in both CR and ECORR over the later aerobic periods again 
indicate the stifling of the corrosion process as FeIII oxy-hydroxides form at reactive 
surfaces within the tubercle.  A possibility is that this process involves the re-oxidation of 
a thin layer of conductive γ- Fe-OH∙OH to a more insulating γ-FeOOH [31]. 
Similar behaviour was observed by other researchers on steel during wet/dry 
cycles: both ECORR and CR rise rapidly during the initial drying phase (i.e., when the 
system is exposed to O2), but gradually decrease as the solution layer thickness decreases 
[32].  This is consistent with the formation of FeIII  precipitates impeding O2 diffusion and 
the anodic reaction [33] over the long period of the anaerobic cycle. 
 
 
 
 
 
 
 
 
 
 
FIGURE 5.15:  EIS spectra measured during the aerobic periods (4) (days 109 and 116) 
and (6) (day 127).  Points represent data and lines are fits to the 
equivalent circuit in Figure 5.8. 
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 The impedance spectra in Figures 5.15 and 5.16 exhibit generally similar 
changes over the duration of aerobic periods (4) and (6) to those observed in aerobic 
period (2), but the impedance response in the 10 to 102 Hz range is now clearly visible 
throughout the experiment.  At the prevailing ECORR values, which are hundreds of 
millivolts more positive than the equilibrium potential for the Fe/Fe2+ reaction, the steel  
 
 
 
 
 
 
 
 
 
 
FIGURE 5.16:  EIS spectra measured during the aerobic period (6) between days 131 and 
141.  Points represent data and lines are fits to to the equivalent circuit in 
Figure 5.8. 
 
dissolution reaction would be strongly polarized.  Under the active conditions prevailing 
within the tubercle, it is expected to be very rapid if it is not inhibited by the presence of 
corrosion product deposits or other mass transfer limitations.  Its observation within the 
EIS spectra at such high frequencies is consistent with an active metal dissolution 
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reaction [34]; this was demonstrated to be the case using SEM (Figure 4.9a, Chapter 4).  
As observed over aerobic period (2), the low frequency phase angle values are consistent 
with the onset of a diffusion process, presumably for O2.   
Based on trends in ECORR and CR (Figure 5.14) and impedance spectra for the 
aerobic periods (4) and (6) (Figures 5.15 and 5.16), Figure 5.17 schematically summarize  
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5.17:  Schematic illustration of the proposed mechanism for aerobic corrosion 
within a well-developed reactive tubercle. 
the important corrosion processes occurring within the tubercle under aerobic corrosion 
conditions at longer exposure times.  As can be seen in this figure, the loose packed cap 
slows O2 movement, but still permits it to occur, to regions deep within the pore. 
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5.3.6 Long Term Anaerobic Period (Day 143 to Day 202) 
  As observed for earlier switches from aerobic to anaerobic conditions, ECORR 
decreases slowly as the CR increases, which is consistent with our interpretation that 
galvanic coupling of γ-FeOOH reduction with anodic steel dissolution occurs.  
Subsequently, ECORR and the CR remain constant.  It is worth noting that the average 
value of ECORR has consistently decreased over the four anaerobic periods from ~ –560 
mV at the end of period (1) (Figure 5.6) to –650 to –700 mV at the end of period (7) 
(Figure 5.12). 
  The impedance spectra recorded during this anaerobic period (7) show a slow, 
but consistent, evolution in film properties (Figure 5.18).  Despite the incorporation of 
four time constants in the equivalent circuit, Figure 5.8, the two peaks in the phase angle 
in the frequency range 1 to 10–2 Hz are not captured by the fit.  If the constraints on the 
value p (i.e., the CPE exponent) are lifted (they were previously fixed at 0.8) then 
improved fits can be achieved with p values considerably < 0.8; however, this makes the 
definition of circuit parameters somewhat ambiguous.  Despite these difficulties, the 
spectra can be used to qualitatively illustrate several features: 
 
• In the spectrum recorded on day 144, the high frequency time constant (10 to 102 
Hz) is barely visible.  This is the period over which ECORR (Figure 4.2, Chapter 4) 
and CR (Figure 4.3, Chapter 4) are changing.  With time (≥ 150 days) this feature 
becomes more prominent and the impedance increases slightly.  
 
158 
 
 
 
 
 
 
 
 
 
 
FIGURE 5.18:  Bode plot showing the EIS spectra measured during the anaerobic period 
(7) between days 144 and 202. Points represent data and lines are fits to 
the equivalent circuit in Figure 5.8. 
 
• Over the period 144 days to ~ 150 day, when ECORR and the CR are decreasing 
(Figure 5.12) the impedance in the lower frequency region (1 to 10–2 Hz) 
increases slightly.  Beyond 150 days, when ECORR and the CR become effectively 
constant, little change in the impedance response is observed.  This behaviour is 
similar to that observed at the beginning of the earlier anaerobic periods and 
consistent with a decrease in film resistance and a slight increase in the steel 
dissolution rate as the reducible FeIII solids are consumed in a galvanic couple 
with steel. 
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Based on trends in ECORR and CR (Figure 5.12) and impedance spectra for the anaerobic 
periods (3) and (7) (Figures 5.13 and 5.18) Figure 5.19 summarizes the proposed galvanic 
coupling of FeIII solids (primarily γ-FeOOH) to steel within the reactive tubercle under 
anaerobic corrosion conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5.19:  Schematic illustration of the proposed mechanism of the galvanic 
coupling process during anaerobic corrosion within a reactive tubercle at 
longer exposure times. 
 
Since the tubercle site grows almost uniformly with an aspect ratio of 0.7 the 
majority of the pit wall must be anodically active under aerobic conditions.  This 
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observation, combined with our analyses which show the steel surface outside the 
tubercle is covered with a thick, compact FeIII oxide layer (Figure 4.5, Chapter 4), 
indicates that the cathodic reaction is also located within the tubercle; although, not 
necessarily at the base.  While the exact distribution of anodes and cathodes within the 
tubercle is impossible to determine, the results indicate that this location should be 
considered a very large general corrosion site rather than a large individual pit.  This is 
supported by the long term evolution of ECORR over the sequence of anaerobic periods to 
progressively more negative values indicative of a progression towards active, as opposed 
to localized corrosion. 
 
5.4    Summary and Conclusions: 
 
The formation of tubercles along gas transmission pipelines during successive 
anaerobic/aerobic cycles can be interpreted by applying corrosion models that describe 
similar corrosion processes observed for domestic water pipe systems.   
Under nominally anaerobic conditions, traces of dissolved oxygen facilitate the 
separation of anodic and cathodic sites on steel, as indicated by a transition in film 
properties.  “Oscillations” in ECORR and the CR during the anaerobic post-transition 
period (1) suggest the surface attempted to revert back to pre-transition behaviour; 
however, after several unsuccessful attempts to repassivate, local corrosion sites 
stabilized. 
During aerobic period (2) oxygen initially accelerates the metal dissolution rate in 
the pores within the deposit, its reduction occurring on the conductive magnetite layer on 
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surfaces external to the pores.  While several localized corrosion sites may have initially 
formed, eventually corrosion damage concentrates at one particular pit location.  
Meanwhile, as the general surface layer thickens and becomes covered with maghemite 
the ability of locations adjacent to the incipient tubercle to act as cathodes is eliminated.  
As a result, O2 reduction is forced to occur deeper within the tubercle.  Eventually, the 
metal dissolution rate decreases as corrosion products accumulate and block pores within 
the tubercle, reducing the diffusive flux of O2 and stifling corrosion.   
A switch from aerobic to anaerobic corrosion conditions results in a galvanic 
coupling between γ-FeOOH, formed during an aerobic cycle, and metal dissolution 
within the tubercle.  This galvanic corrosion process generates γ-Fe-OH∙OH, which is 
reversibility re-oxidized during subsequent aerobic corrosion periods and perpetuates 
tubercle growth. 
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Chapter 6 
 
CHARACTERIZING THE EFFECT OF CARBON STEEL EXPOSURE IN 
SULPHIDE CONTAINING SOLUTIONS TO MICROBIALLY INDUCED 
CORROSION1 
 
6.1  Introduction 
 
To expand on our understanding of Fe-S chemistry, this chapter compares the 
electrochemical effects induced by inorganic sulphide and sulphate reducing bacteria on 
the corrosion of carbon steel - a subject of concern for pipelines [1, 2].  Difficulties in 
simulating complex field conditions in the laboratory have meant that only a limited 
number of experiments have accurately characterized the complex chemical and 
biological interactions between bacteria and pipeline steel [2-4].  Consequently, few 
studies have comprehensively examined the galvanic couple between the pipe and the 
dispersed sulphide-rich corrosion deposit that sustains the high CRs observed at field 
sites [4, 9].  The present chapter compares the effect of variations in SRB microcosm 
conditions to inorganically grown ferrous sulfide films on steel.  The morphologies and 
                                                 
1 A version of Chapter 6 has been published: 
Sherar, B.W.A., Power, I.M., Keech, P.G., Mitlin, S., Southam, G., and Shoesmith, D.W. 
Characterizing the Effect of Carbon Steel Exposure in Sulfide Containing Solutions to Microbially 
Induced Corrosion, Corrosion Science, 53(3), 955-960 (2011). 
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compositions of the corrosion products were analyzed using scanning electron 
microscopy (SEM) and Raman spectroscopy, respectively, providing a novel 
understanding of these complex biochemical systems. 
 
6.2  Experimental Details 
 
6.2.1 Material and Solution Preparation 
A bacterial consortium, dominated by SRB, which originated from an oil well 
located in the Western Canadian Sedimentary Basin [5] was cultured using modified 1× 
Postgate media [6], where × is a multiple of the normal amount of biologically important 
nutrients (i.e., KH2PO4, NH4Cl, sodium lactate, yeast extract, and sodium citrate) 
available for the bacteria to consume, containing (per 1L of dH2O):  7.0 g NaCl, 1.2 g 
MgCl2·6H2O, 0.05 g KH2PO4, 1.0 g NH4Cl, 4.5 g Na2SO4, 0.04 g MgSO4·7H2O, 1 mL 
sodium lactate (60%), 0.1 g yeast extract, and 0.03 g sodium citrate.  Prior to introduction 
of the bacterial consortium, the media was adjusted to pH 7.3, autoclaved, and degassed 
in an anaerobic chamber (5% H2, 10% CO2, and 85% N2).  The steel coupons used in this 
study were 1 cm in diameter and 3 mm thick, cut from metal plates of X65 carbon steel 
(0.07 C; 1.36 Mn; 0.013 P; 0.002 S; 0.26 Si; 0.01 Ni; 0.2 Cr; 0.011 Al [μg g–1]) with a 
balance of Fe (donated by TCPL).   
The steel coupons were polished (2 <mμ>m diamond powder, Beta Diamond 
Products, Inc., Yorba Linda, CA), immersed in 100% ethanol, flame sterilized, and 
placed into 12 mL sterile serum vials filled with anaerobic modified Postgate media, and 
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sealed using butyl rubber stoppers and Al-crimp seals to prevent the in-leakage of 
oxygen.  Microcosm experiments were also performed on steel coupons immersed in 
media containing five times higher (5×) and lower (1/5×) levels of biological nutrients 
based on the modified Postgate media described above.  This was done to observe 
changes in biofilm and corrosion product deposition, which are dependent on the nutrient 
levels expected at the pipe/groundwater interface [7, 8].   
A fourth modified Postgate medium, which lacked organic carbon (i.e., lactate, 
yeast extract and sodium citrate), was used to compare its affect on the colonization of 
the carbon steel.  Depending upon the conditions of the pipeline coating disbondment, 
access to a carbon source (which also acts as an electron donor for electrochemical 
reactions), should be limited.  Cells were harvested from SRB cultures that were grown in 
modified Postgate media and later washed five times sequentially by centrifugation in 
sterile inorganic media prior to being inoculated into two vials containing inorganic 
media with a steel coupon.  At four days, and at two months, a metal coupon was fixed in 
2 % glutaraldehyde and processed for scanning electron microscopy.  
A control coupon, exposed to an anaerobic solution containing 50 mM NaHCO3 + 
1 mM Na2S·9H2O, was prepared to compare abiotic versus biotic corrosion of the steel 
coupons.  A second inorganic exposure solution was prepared, with a composition 
comparable to that used previously [9] (Chapter 3): 0.2 M NaHCO3/Na2CO3 + 0.1 M 
NaCl + 0.1 M NaSO4 + 1 mM Na2S at pH 9.5.  While this exposure solution is higher in 
concentration than the groundwater expected near pipelines [10], its use allows a 
comparison our current results to previous measurements [9, 11, 12] (Chapters 3 to 5).  
For brevity, this chapter limits its scope to the affect of sulphide on steel.  Lee et al. 
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provides a discussion on the influence of bicarbonate, sulphate, and chloride on steel 
[12].  For this experiment an inorganic sulphide film was grown potentiostatically at 
−550 mV (vs. SCE; +0.241 vs. the standard hydrogen electrode [SHE]) for 24 hours to 
anodically form an iron sulphide film.  The solution was purged with argon for at least 
one hour to obtain anaerobic conditions, prior to sample exposure.  The electrochemical 
set up was a standard 3 electrode cell, described in detail in Chapter 3 and elsewhere [9]. 
 
6.2.2    Surface Analysis Preparation 
Biotic samples were fixed with 2% glutaraldehyde for 1 hour and dehydrated 
using a graded aqueous-ethanol series (25%, 50%, 75%, and 100% × 3) in an anaerobic 
chamber.  Samples were removed from the anaerobic chamber and placed in 100% 
deaerated ethanol, critical point dried, and then immediately platinum coated to allow 
electron imaging.  For abiotic samples, coupons were washed using anoxic water to 
remove salts and dried in an anoxic chamber prior to examination.  ZEISS 1540 XB and 
Hitachi S4500 field emission gun - scanning electron microscopes (FEG-SEM) were 
operated at 5 kV to examine the corrosion surfaces using secondary electron imaging.   
To identify iron phases, a Renishaw 2000 Raman spectrometer with the 632.8 nm 
laser line using an optical microscope with a 50× magnification objective lens was used.  
Both biotic and abiotic samples were dried anaerobically (as described above) prior to 
examination.  As mackinawite (Fe1+xS) is susceptible to air oxidation [13-15], a custom 
designed stainless-steel, leak-tight cell was used to prepare and perform ex-situ Raman 
analyses on the potentiostatically grown inorganic iron sulphide film using an argon 
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atmosphere.  A ¼” thick fused silica optical lens (Technical Glass Products, Inc, 
Painesville, OH) was used to minimize stray Raman scattering interference. 
 
6.3  Results and Discussion 
 
6.3.1  Sulphate Reducing Bacteria Microcosm Study 
A SEM image of the abiotic control coupon (50 mM NaHCO3 + 1 mM Na2S 
exposure solution), Figure 6.1a, shows the surface was covered by rectangular platelets, 
typically less than 1 µm in size. Figure 6.1b, shows that growth of the SRB consortium 
on carbon steel in the 1× modified Postgate media produced a matrix consisting of a 
biofilm comprising a network of SRB and extracellular polymeric substances (EPS) [16, 
17]. Figure 6.1c, shows that the steel coupon in the 5× modified Postgate medium 
microcosm turned completely black after one week, presumably due to FeS formation.  
Some of this material flaked off the surface, and coloured the solution black within 3 
weeks.  Figure 6.1c also revealed corrosion product deposits interspersed with an 
extensive population of SRB; the curved rods can be easily identified, as highlighted by 
the white arrow.  Cells were not as thoroughly encrusted by iron sulphides as seen in 
other microcosms.  This suggests that the microbial growth rate exceeded the rate of FeS 
precipitation at the steel surface, since the colonies were able to grow quickly enough to 
remain at the surface.  In contrast, the corrosion product deposit on the steel coupon of 
the microcosm containing 1/5× nutrients (Figure 6.1d) had very few cells that were often 
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(a)        (b) 
 
 (c)              (d) 
 
FIGURE 6.1: Comparison of surface morphologies and variations in organic 
concentrations based on SRB growth media formed under anaerobic 
conditions after one month: abiotically a) 50 mM NaHCO3 + 1 mM Na2S. 
Biotically b) (1× modified Postgate media); c) 5× modified Postgate media; 
d) 1/5× modified Postgate media. 
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completely encrusted by iron sulphides: One typical encrusted bacteria is labeled by a 
white arrow.  As can be seen in Figures 6.1b-c, the iron sulphide corrosion product 
deposits were mostly made of rounded platelets, similar to those seen in the abiotic 
control (Figure 6.1a). Therefore, FeS precipitation, at the earliest stages of colonization, 
or when the system can only support a relatively small population of bacteria, follows an 
abiotic mechanism.  
In the modified Postgate media that lacked all soluble, carbon sources, small 
black colonies with distinct borders and minor topography were seen on the metal after 
four days as well as on the bottom of the glass vial, presumably by growth via recycled 
organic carbon from the inoculum.  The colonies ranged in size from 0.1 to 1 mm.  Figure 
6.2a shows a micrograph showing part of an SRB colony on the metal surface from a 
carbon-free medium.  The metal was covered with bacteria that were connected by 
organic fibrils and were generally heavily encrusted by iron sulphides. Figure 6.2b shows 
a high magnification view of two SRB that are heavily encrusted and firmly attached to 
the carbon steel surface by an extensive array of organic filaments and potentially 
interconnected via putative bacterial nanowires [18].  The iron sulphides that precipitate 
directly on the cells have a knobby texture typical of amorphous mineral phases, as well 
as there being iron sulphides close to the bacteria. Studies have shown that bacterial 
nanowires are conductive [18, 19], and facilitate various electron transport coupled 
reactions [20, 21].  We speculate that these structures are grown as a device to capture 
electrons from the steel directly, or as a means to capture molecular hydrogen (an 
alternative electron donor for SRB, produced during water and proton reduction, 
respectively [22, 23]) in the absence of a carbon-based source (e.g., lactate).  Such 
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behaviour has been observed for metal-reducing bacteria such as Geobacter 
sulfurreducens [19] and Shewanella oneidensis MR-1 [20]. 
 
 
 
 
 
  
(a)  
(a)                                                          (b) 
FIGURE 6.2: Surface morphology of the biotic coupon exposed to a modified Postgate 
media that lacked carbon sources found after four days: a) colony and b) 
individual cells. 
 
While bacteria colonization on steel appears to be stochastic, it is conceivable that 
biofilm formation is selective. There may be a link between the colony location and 
anodic sites.  This would imply that the area surrounding the biofilm is cathodic.  Spatial 
heterogeneity is observed on carbon steel, given its inherent microstructure.  Given the 
limited data collected, however, it is not possible to claim that bacteria colonize 
preferentially at anodic sites.  Preference for one site over another might be a 
consequence of better surface adhesion, or the ability to capture nutrients. 
In an experiment allowed to continue for two months in the absence of a carbon 
source, the entire serum vial blackened, presumably through iron sulphide formation.  
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This demonstrated the ability of SRB to survive for extended periods of time without the 
addition of significant amounts of organic carbon, as well as an ability of the organism to 
induce extensive corrosion damage even at low levels of biomass covering a minute 
fraction of the carbon steel surface.  For the long term project goals of correlating SRB 
activity with CRs, this would suggest that the tape adhesives may not be required as 
bacterial food sources.  It may also explain why iron sulphide materials are often found in 
soils, external to the disbonded tape coatings.  In effect, the ability of the bacteria to 
extract electrical energy from the corroding steel surface via nanowires while remaining 
in the soil may suggest MIC can potentially thrive well after the adhesive has been 
exhausted, and despite the presence of corrosion products like FeS and FeCO3. 
 
 6.3.2 Raman Analysis of Corrosion Product Deposits 
Figure 6.3 compares ex-situ Raman spectra for the potentiostatically grown iron 
sulphide film (spectrum I), scanned in air, and for the biofilm grown in modified Postgate 
media, scanned in an air-free glass cell (spectrum II).  In the frequency range below 1000 
cm−1, both spectra exhibit three distinct Raman peaks at 174, 253 and 310 cm−1 with a 
broad shoulder at 356 cm−1.  Practically identical spectral features have been reported 
recently by Bourdoiseau et al. [14] and Langumier et al. [13] who both identified a 
partially oxidized mackinawite phase formed either abiotically or biotically, respectively.  
Formation of a slightly oxidized mackinawite phase is consistent with the observations by 
Shoesmith et al. [24].  EDX analysis of the 5×, 1/5×, and no-electron-donor modified 
Postgate media identified sulfur on the surface (data not shown).  Given the fact that 
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these surfaces were black, the shape of bacteria observed in the SEM micrographs 
(Figure 6.1c,d and Figure 6.2d) were consistent with SRB, and that Postgate’s media is  
 
 
 
 
 
 
 
 
FIGURE 6.3: Raman spectra for two films on the carbon steel surface: curve I for the 
potentiostatically formed iron sulfide film at _550 mV in a mixed anion 
solution containing 1 mM Na2S at pH 9 for 24 hrs; and curve II for the 
biofilm shown in Figure 6.1a (pH 7.3).  
 
designed to favour SRB growth [6] we infer that the dominant corrosion product deposit 
for all microcosms is mackinawite, consistent with literature observations [1, 25]. 
Figure 6.4a is an optical image of an iron sulphide film formed potentiostatically 
at _500 mV in a mixed anion solution containing sulphide species. The surface deposits 
are inhomogeneously distributed and composed of a dark film (Location 1) and bright 
crystals (Location 2): This image is typical of the entire sample.  Figure 6.4b displays two 
Raman spectra collected from the film.  The spectrum recorded at Location 1 closely 
resembles the spectra shown on Figure 6.3b and can be attributed to mackinawite.  There 
I 
II 
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are, however, two additional discernible spectral features at 1080 cm−1 and at 980 cm−1, 
which are consistent with the presence on the surface of siderite (FeCO3) and ferrous 
sulphate (FeSO4), whose peaks have been reported as 1082 cm–1 and 981 cm–1,  
 
(a)                                                         (b)                                               
 
FIGURE 6.4. a) Optical image of a potentiostatically formed iron sulfide film at _500 mV 
in a mixed anion solution containing 1 mM Na2S at pH 9 for 24 hrs 
highlighting to distinct locations whose ex-situ Raman spectra are shown in 
(b). Location 1 shows a typical spectrum of a mackinawite dominant phase, 
while Location 2 shows a spectrum of mixed siderite/mackinawite signals.  
Sample analysis was performed in air.  
 
respectively [12, 26].  Location 2 is primarily covered with siderite crystallites, as evident 
from the dominant characteristic Raman band at 1080 cm−1, compared to the expected 
1082 cm–1 [9].  The formation of siderite crystallites suggests a dissolution-precipitation 
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process, reactions (6.1) and (6.2), under these conditions according to the mechanism 
reported previously by Castro et al. [27], 
 
Fe(OH)2  + HCO3–  → CO32–  + OH–  + Fe2+  + H2O       (6.1) 
Fe2+  + HCO3–  → FeCO3  + H+          (6.2) 
 
Thus, FeS likley forms also via a dissolution-precipitation process, reactions (6.3) and 
(6.4), as described by Shoesmith et al. [24]: 
 
FeHS+ads → Fe2+aq + HS–          (6.3) 
FeHS+ads → FeSads + H+          (6.4) 
 
The most interesting feature is that the Raman analysis (Figures 6.3 and 6.4b) 
indicates that both abiotic and biotic film growth mechanisms lead to mackinawite, 
despite their morphological differences.  Consequently, based on this analysis the 
expected corrosion behaviour of steel, in the presence of sulphide, across a range of redox 
conditions, may be similar enough that the use of inorganic sulphide is sufficient to 
develop steel corrosion rates or rate predictions.  However, this simplistic approach does 
not account for the heterogeneity that exists in bacterial systems; specifically, the range in 
the amount of biomass (i.e., bacterial populations that can be supported in different 
environments [nutrient dynamics]).  One concern with using inorganic sulphide 
compared to biologically generated sulphide is that the FeS deposits that form, while 
porous, partially passivate the steel with time, shortening the effective length of the 
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galvanic couple between steel and the organic/mineral matrix otherwise sustained in the 
presence of SRB [8].   
The following chapters will describe a series of five experiments where Na2S was 
the source of S2–.  When untreated steel was exposed to increasing concentrations of HS– 
the CR remained low (< 10 μm yr–1) suggesting the presence of a partially passivating 
ferrous sulphide film.  Newman et al., however, noted that polished electrodes pre-
corroded in a low sulphide solution later exposed to higher HS– concentration would not 
passivate [28].  It is these systems that are perhaps comparable to the chemical conditions 
occurring within SRB dominated biofilms.  
 
6.4   Summary and Conclusions: 
 
SEM analysis revealed that biofilm formation and corrosion product morphology 
are highly nutrient dependent.  Reducing the carbon content in solution appears to favour 
abiotic corrosion leading to the formation of crystalline FeS.  In the microcosm that 
lacked all carbon sources, SRB formed nanowires, presumably to extract nutrients from 
the corroding steel, leading to heavy encrustation of the bacteria by sulphides.  Raman 
analysis confirmed that the dominant iron phase formed was mackinawite under both 
abiotic and microbiological conditions.  
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Chapter 7 
 
THE EFFECT OF REDOX CONDITIONS AND SULPHIDE ON CARBON 
STEEL CORROSION BEHAVIOUR IN NEAR-NEUTRAL pH SALINE 
SOLUTIONS - PART 1: CORROSION POTENTIAL AND RATE 
MEASUREMENTS  
 
7.1 Introduction 
 
The nature of the corrosion process for carbon steel is influenced significantly by 
the anionic composition of the groundwater.  These include Cl–, HCO3–/CO32–, and many 
sulphur-containing species of various oxidation state, 6+ to 2–, for SO42– through to HS–, 
respectively.  As described in Chapter 3, anaerobic corrosion is associated with a low 
corrosion rate (i.e., < 10 μm yr–1) [1] and pasty siderite (FeCO3) deposits [2].  However, 
when microbially induced corrosion (MIC) is observed groundwaters contain sulphur 
species, including sulphides, which are produced by sulphate reducing bacteria, 
organisms commonly found in the soil near buried pipelines.  Consequently, corrosion 
rates are much higher (between 200 and 700 μm yr–1 [1, 3]) and mackinawite (Fe1+xS) is a 
major corrosion product deposit [1, 4]. Should such an anaerobic site turn aerobic, 
corrosion rates become extremely high (i.e., 2 to 5 mm yr–1) [1] as iron sulphides oxidize 
to form iron(III) oxides and sulphur or sulphate [2]. 
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In an attempt to mimic the relevant groundwater chemistry while avoiding the 
use of bacteria, we have used Na2S as the source of HS– in our experiments to investigate 
these systems.  Comparison of results from this type of study to published literature and 
field data [5, 6] will aid the development of a better understanding of the interactions of 
steel with sulphide under various redox conditions.  In Chapter 6, we compared the 
morphology and composition of the deposits formed on carbon steel by inorganic 
sulphide to those formed by sulphide produced microbially [7].  Although the film 
morphologies are different, Raman analyses confirmed that both inorganic and biological 
HS– sources form mackinawite (Fe1+xS) films [7].  
Following our previously developed methodology (Chapter 3-5), we have 
performed long term corrosion experiments by monitoring the corrosion potential (ECORR) 
and using linear polarization resistance (LPR) measurements to periodically assess the 
relative rates.  Subsequently, we analyzed the morphology and composition of corrosion 
product deposits using scanning electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy (EDX), and Raman spectroscopy.  In this chapter we present the results of 
our electrochemical experiments, while an analysis of the corrosion product deposits will 
be discussed in Chapter 8. 
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7.2  Experimental Details 
 
7.2.1 Materials and Electrode Preparation 
Experiments were performed with either X65 carbon steel (0.07 C; 1.36 Mn; 
0.013 P; 0.002 S; 0.26 Si; 0.01 Ni; 0.2 Cr; 0.011 Al [wt %]) with a balance of Fe 
(donated by TCPL) or A516 Gr 70 carbon steel (0.23 C; 1.11 Mn; 007 P; 010 S; 0.26 Si; 
0.01 Cu; 0.01 Ni; 0.02 Cr; 0.004 Mo; 0.036 Al; 0.019 V; 0.003 O [wt %]) with a balance 
of Fe purchased from Unlimited Metals (Longwood, Florida).  For corrosion 
measurements, rectangular coupons, 1.5 cm × 1.0 cm × 1.0 cm, were cut from metal 
plates and fitted with a carbon steel welding rod (4 mm diameter), to facilitate connection 
to external equipment.  Electrodes and specimens were then entirely encased in a high 
performance epoxy resin (Ameron pearl grey resin and 90HS cure) to prevent exposure 
of the electrical contact to the solution.  Prior to each experiment, one face of the working 
electrode (surface area 1.5 cm2) was polished sequentially on 180, 320, 600, and 1200 
grit silicon carbide paper, and then ultrasonically cleaned for ten minutes in ultrapure de-
ionized water (Millipore, conductivity: 18.2 Mohm·cm)/methanol to remove organics, 
and finally ultrasonically cleaned in Millipore water prior to experimentation. 
 
 7.2.2  Solutions 
  Table 7.1 lists the composition of the electrolytic solutions used for each 
corrosion experiment (CE).  The preconditioning solution (1 mol L–1 NaHCO3/Na2CO3) 
selected for CE 3 and CE 4 was used to pre-grow a siderite film [8] in an attempt to 
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simulate, at least partially, the films expected on an aged pipeline.  The anion 
composition and concentration of the corrosion exposure solution used in CE 1 to CE 4 
was selected in order to compare our results to previous measurements [9-13].  The dilute 
exposure solution used in CE 5, however, is comparable in anionic concentration to the 
groundwaters expected near pipelines [14]. Perchlorate was added to this last solution to  
 
TABLE 7.1:   A list of the corrosion experiments (CEs) performed and the experimental 
conditions used. Preconditioning solution: 1 mol L–1 NaHCO3/ Na2CO3; 
concentrated solution: 0.2 mol L–1 NaHCO3 + 0.1 mol L–1 NaCl + 0.1 mol 
L–1 Na2SO4; dilute solution: 5.2 × 10–3 mol L–1 NaHCO3 + 6.2 × 10–3 mol 
L–1 Na2CO3 + 0.6 × 10–3 mol L–1 NaCl + 0.5 × 10–3 mol L–1 Na2SO4 + 0.1 
mol L–1 NaClO4. 
 
 
CE Steel Grade 
Preconditioning 
Solution Exposure Solution  
1 A516 Gr 70 – Concentrated 
2 X65 – Concentrated 
3 A516 Gr 70 E = _750 mV; 60˚C Concentrated 
4 A516 Gr 70 E = _700 mV; 25˚C Concentrated 
5 X65 No Dilute 
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increase solution conductivity, but is expected to have an insignificant influence on 
corrosion of the steel [15].  The pH of the solution was set to 8.9 ± 0.5 with NaOH prior 
to each experiment. 
To maintain anaerobic conditions, CE 1, 2, and 5 were performed in an anoxic 
chamber in Ar-purged solutions.  Anaerobic conditions were maintained in CE 3 and 4 by 
continuously purging the electrolyte solutions with ultra-high purity Ar (Praxair, 
Mississauga, ON).  For CE 1, 2, 4, and 5, aerobic conditions were maintained by venting 
the cell with air, either by terminating Ar-purging, or removing the cell from the 
anaerobic chamber. 
 
7.2.3 Electrochemical Cell and Equipment 
Experiments were conducted in a standard three-electrode glass electrochemical 
cell.  The counter electrode was a Pt foil and the reference electrode a commercial 
saturated calomel electrode (SCE; 241 mV vs. SHE) (Radiometer Analytical, Loveland, 
CO).  The cell was either housed in a grounded Faraday cage or placed in an anoxic 
chamber, both locations which minimize external noise. 
Prior to immersion of the steel coupons, the electrolyte solutions were purged for 
at least one hour in UHP Ar (Praxair, Mississauga, ON) to obtain anaerobic conditions.  
Each experiment was performed using either a Solartron 1480 Multistat or a Solartron 
1287 Potentiostat, running Corrware software (version 2.6 Scribner Associates) to control 
applied potentials and to record current responses. 
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7.2.4 Experimental Procedures 
The individual corrosion procedures are summarized in Table 7.2.  For CE 1, the 
untreated steel was allowed to corrode anaerobically prior to the addition of sulphide.   
 
TABLE 7.2: Corrosion exposure sequence performed for individual corrosion 
experiments (CE). 
 
 
 
 
 
 
 
 
 
For CE 2, untreated steel was exposed to anaerobic conditions prior to aerobic corrosion 
followed by aerobic corrosion with sulphide.  For CE 3, the experimental procedure has 
been described elsewhere (Chapters 3 to 5) and involved a series of anaerobic-aerobic 
cycles lasting 202 days prior to sulphide addition.  For CE 4, pretreated steel was 
corroded anaerobically prior to sulphide addition and followed by an aerobic period.  For 
CE 5, untreated steel was exposed to a dilute anaerobic solution containing sulphide prior 
to switching to aerobic conditions. 
CE Corrosion Exposure Sequence 
1 Anaerobic → Anaerobic + HS– 
2 Anaerobic → Aerobic → Aerobic + HS– 
3 
Pretreatment → Anaerobic → Aerobic → … → Anaerobic + HS– 
4 
Pretreatment → Anaerobic → Anaerobic + HS– → Aerobic 
5 Anaerobic → Aerobic → Aerobic + HS– 
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Figure 7.1 shows the general potential (E)-time profile used to pretreat the steel 
samples (when used) and to follow their corrosion behaviour.  Besides the electrode, 
additional specimens were exposed to the same solutions and used in subsequent  
 
FIGURE 7.1:  General potential (E)-time profile used to prepare electrodes and 
specimens (including the preconditioning steps used in CE 1 and 4) and 
throughout the corrosion experiment. The various stages used for 
individual experiments are described in the text. 
 
analyses.  In stage 1, electrodes and specimens were cathodically cleaned at –1.3 V for 
one minute to reduce any air-formed surface oxide.  The potential was then stepped to  
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–1.1 V (Stage 2) to reduce H2 production and clear the surface of H2 bubbles while 
maintaining cathodic protection. For CE 3 and CE 4, the potential was then either stepped 
to –750 mV (CE 3) or –700 mV (CE 4) for 50 hours (Stage 3) to anodically form a 
siderite film at room temperature, based on the results of Sherar et al. [9] and Lee et al. 
[8].  The electrodes were then removed from the preconditioning cell and rinsed in 
deaerated Millipore water.  The subsequent details for CE 3 are described elsewhere 
(Chapters 3 and 4).  For CE 4, one specimen was reserved for surface analyses, while the 
remaining electrode and specimen were transferred through the air to the corrosion cell 
containing the Ar-purged exposure solution (stage 4).  No pretreatment step was 
employed in CE 1, 2, and 5; the electrodes and additional specimens were cathodically 
cleaned (stages 1 and 2) in the corrosion cell. 
ECORR was then monitored continuously through stages 4 to 7, except for brief 
periods (every 24 hours) during which LPR measurements were performed, as a means to 
assess the corrosion rate.  LPR measurements were performed by scanning the potential  
± 10 mV from ECORR at a scan rate of 0.1 mV s–1, and required a total of 10 minutes.  
Periodically, specimens would be removed for surface analysis (stage 5), the details of 
which are reported in Chapter 8 or elsewhere [12]. 
This sequence of corrosion experiments was designed to monitor the effect of 
sulphide under various corrosion conditions anticipated on pipeline steel, and allows the 
following features to be studied: 
 
• The influence of HS– after a period of anaerobic corrosion (CE 1) 
• The influence of HS– after an anaerobic to aerobic transition (CE 2) 
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• The influence of HS– on anaerobic corrosion after an extensive series of 
anaerobic-aerobic cycles (CE 3) 
• The influence of HS– on anaerobic corrosion with separated anodes and cathodes 
(CE 4) 
• The influence of HS– in dilute groundwater (CE 5) 
 
7.3  Results 
 
7.3.1  CE 1: Effect of Sulphide on Steel Covered by a Thin Anaerobically-
Formed Oxide Layer 
In this experiment, sulphide was added to the exposure solution after anaerobic 
corrosion of untreated steel for 35 days.  Figure 7.2 shows the behaviour of ECORR (left 
ordinate, black line) and RP–1 (right ordinate, data points) over the duration of the 
experiment.  As discussed in Chapter 3 and elsewhere [16, 17], RP–1 can be interpreted to 
scale with corrosion rate, where higher values indicate higher corrosion rates.  In the 
absence of sulphide up to day 35, the ECORR remained low, < –820 mV, and RP–1 was  
~ 1 × 10–4 ohms–1 cm–2 (Figure 7.2), and similar corrosion behaviour was observed 
previously on a pretreated electrode [9].  The observed decrease in RP–1 over the first 
days of exposure is consistent with the formation of a corrosion product deposit and the 
establishment of a constant corrosion rate, and overall, both ECORR and RP–1 values were 
typical for anaerobic corrosion [9, 11].   
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FIGURE 7.2: The change of corrosion potential (ECORR) and inverse polarization 
resistance (RP–1) of untreated steel measured under anaerobic conditions in 
CE 1.  Aliquots of HS– were added at various stages, and the labeled HS– 
concentration is that prevailing during a specific period. Noise in ECORR 
between 5 and 35 days is due to electrochemical equipment and is < 5 mV 
in amplitude.  Electrical interference between days 38 and 39 resulted in a 
potential variance of ~ 40 mV. 
 
On day 35, 1 × 10–4 mol L–1 HS– was added to the solution, which caused ECORR 
to decrease by 20 mV down to a value of –830 mV over a ~ 2 day period before it 
increased once again.  Over the ensuing 6 to 7 days, ECORR increased slightly by ~ 50 mV 
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to reach –775 mV, an increase that was accompanied by a significant increase in RP–1 to 4 
× 10–4 ohms–1 cm–2.  Subsequently, ECORR increased up to –775 mV on day 45, and RP–1 
decreased to ~ 1.8 × 10–4 ohms–1 cm–2.  This series of variations is consistent with an 
initial increase in overall corrosion, which is followed by a partial repassivation process, 
likely due to FeS formation.  Some aspects of this behavior are more thoroughly explored 
in Chapter 8; nonetheless, this tendency to passivation was short lived, as RP–1 
subsequently increased steadily to ~ 4.3 × 10–4 ohms–1 cm–2 by day 55, and ECORR 
decreased to –795 mV.  The further addition of sulphide, to a total concentration of 5 × 
10–4 mol L–1 on day 55, did not influence ECORR significantly; although it led to a 
transient measurable increase in RP–1, which rebounded above 4 × 10–4 ohms–1 cm–2 on 
day 58, before sliding to 3.7 × 10–4 ohms–1 cm–2 by day 61.  By day 61, RP–1 was 3 × 
higher than the initial RP–1 for steel prior to the addition of sulphide, when 3.7 × 10–4 
ohms–1 cm–2 was observed.  These fluctuations suggest that the addition of sulphide led to 
the formation of a sulphide layer which was only marginally protective.  Chapter 8 deals 
with this concept more completely.  
The variations in ECORR and RP–1 during the 6-7 days after sulphide addition 
indicate that this addition activates the surface leading to an increased metal dissolution 
rate as sulphide contacts the steel surface.  This behaviour is similar to that observed on 
switching from anaerobic to aerobic corrosion (Chapter 5).  Also, in both cases, the 
surface is subsequently blocked by the formation of corrosion products, in the present 
case, sulphide-containing deposits.  Specifically, beyond 45 days the ongoing decrease in 
ECORR accompanied by an increase in RP–1 indicates overall activation of the surface 
corrosion process, as the anaerobically grown oxide is replaced by sulphide.  The 
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marginal influence of increasing [HS–] by a factor of 5 after 55 days indicates that the 
primary feature leading to the overall activation of the surface is not controlled by the 
absolute concentration of HS–, consistent with the suggestion that the changes in RP–1 are 
primarily attributable to changes in the physical properties of the corrosion product 
deposits. 
 
7.3.2 CE 2: Effect of Sulphide Addition after an Anaerobic-Aerobic Cycle 
In CE 2, the steel was subjected to an anaerobic corrosion period of 28 days 
followed by a 38 day period of aerobic corrosion prior to the introduction of sulphide.  
While this is not a corrosion scenario specifically identified by TCPL [1-3], it was 
explored to obtain further mechanistic insight into the understanding of the complex Fe-S 
system.  Figure 7.3 shows ECORR (left ordinate, black line) and RP–1 (right ordinate, data 
points) as a function of time.  To avoid the possibility that dissolved traces of O2 could 
induce a transition in ECORR leading to the onset of localized corrosion in the early stages, 
as observed previously (Chapter 3), the first 28 days of this experiment were conducted 
in an anaerobic chamber.  During the initial anaerobic period, ECORR remained below –
800 mV for the entire 28 days, and RP–1 remained < 1 × 10–4 ohms–1 cm–2, values 
consistent with purely anaerobic corrosion behaviour [1, 9, 18, 19]. 
On switching from anaerobic to aerobic conditions (day 28), both ECORR and RP–1 
quickly increased to –430 mV and > 8 × 10–4 ohms–1 cm–2, respectively (Figure 7.3).  
Subsequently, ECORR slowly decreased and, after passing through a shallow minimum 
value at ~ 35 days, increased to a final steady-state value of –530 mV.  These changes in 
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ECORR were accompanied by a systematic decrease and increase in RP–1, with a maximum 
value in RP–1 being achieved at the minimum value in ECORR. This suggests that, despite 
the decrease in RP–1 between days 28 and 30, the overall consequence of the  
 
 
FIGURE 7.3: The change of corrosion potential (ECORR) and inverse polarization 
resistances (RP–1) of untreated steel measured under anaerobic and 
aerobic conditions in CE 2.  Aliquots of HS– were added during various  
stages during this aerobic period.  The labeled HS– concentration is 
cumulative for a specific period. 
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decrease in ECORR prior to the shallow minimum is an increased activation of the steel 
surface.  Beyond this maximum in RP–1 the minor increase in ECORR was accompanied by 
a slight, but steady, decrease in RP–1.  While this minor decrease in RP–1 should not be 
taken as an indication of complete film passivation, it does suggest that the accumulation 
of an oxidized corrosion product layer led to a minor suppression of the overall corrosion 
rate. 
The first addition of sulphide led to an immediate decrease by 50 mV in ECORR to 
a value of –600 mV, which was accompanied by a substantial increase in RP–1 up to ~ 1.7 
× 10–3 ohms–1 cm–2.  After ~ 2 days, ECORR increased again and RP–1 decreased: this 
behavior implies that active local sites created upon the addition of sulphide were, at least 
partially, passivated by iron sulphide formation.  Over the following 3 days ECORR 
decreased slightly and RP–1 increased, suggesting the gradual conversion of the more 
inhibiting oxide to a less protective iron sulphide [20-22].  Three further additions of 
sulphide, leading to a final total [HS–] of 3.75  10–3 mol L–1, initiated similar transients 
in ECORR and RP–1.    At 3.75  10–3 mol L–1 HS–, RP–1 was 3 the value recorded prior 
to the first HS– addition, and this implies that the overall influence of HS– under aerobic 
conditions was to decrease the protectiveness of surface deposits and/or stimulate steel 
dissolution at localized pores (Chapter 8). 
  
7.3.3 CE 3: Effect of Sulphide on Carbon Steel Covered by a Thick Oxide 
Corrosion Product Layer 
The behaviour of this electrode through a series of anaerobic/aerobic/anaerobic 
transitions to produce a thick oxide has been described in detail previously (Chapters 4 
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and 5).  In this case, a portion of the corroded steel sample was covered by a localized 
corrosion site, observed as an orange, flaky tubercle (~ 3-4 mm in cross section) beneath 
which the steel was pitted to a depth of ~ 275 μm.   However, the majority of the surface 
corroded uniformly to develop a black, compact, magnetite (Fe3O4)/maghemite  
(γ-Fe2O3)-dominated film (~ 4.5 μm thick) [12].  Figure 7.4 shows ECORR (left ordinate,  
 
 
FIGURE 7.4:  The change of corrosion potentials (ECORR) and inverse polarization 
resistances (RP–1) measured during alternating anaerobic-aerobic cycles in 
CE 3.  Details regarding the corrosion behaviour before day 140 can be 
found in Chapters 3-5.  On day 202, 1 × 10–3 M HS– was added to the 
exposure solution. 
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black line), and RP–1 values (right ordinate, data points) recorded over the last two 
anaerobic sections of this experiment (CE 3): the behaviour prior to 140 days has been 
described in Chapters 3-5.  Despite the variations in ECORR over the final anaerobic period 
prior to HS– addition (< 202 days), RP–1 showed only minor fluctuations, which is 
consistent with the conclusion drawn in Chapter 4 that corrosion was concentrated within 
the tubercle-covered site [13] and that the thick oxide film was largely protective.  The 
subsequent addition of HS– led to a ~ 60 mV increase in ECORR, but only small changes to 
RP–1, which increased from ~ 2.5  10–4  ohms–1 cm–2 to 2.8  10–4 ohms–1 cm–2.  This 
suggests that there is only a minor influence of HS– on either the uniformly corroded, 
passive surface or the corroding tubercle location.  The surface was primarily covered by 
maghemite, as a consequence of a number of aerobic corrosion periods.  Thus an 
insignificant change in rate is consistent with the results by Poulton et al. [21] who 
showed that maghemite reacts only slowly with sulphide, 
  
 γ-Fe2O3 + 3HS– + 3H+ → 2FeS + S0 + 3H2O      (7.1) 
 
The short term consequence of this reaction is that this oxide film offers enhanced 
corrosion resistance properties compared to systems described above.    This is discussed 
further both in the following section, and in Section 7.4. 
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7.3.4  CE 4: Effect of Sulphide on Carbon Steel Covered by a Thin 
Magnetite/Siderite Layer 
To determine the influence of HS– on a pre-oxidized surface with a substantially 
thinner corrosion product deposit than that present in CE 3, sulphide was added in this 
experiment after pretreatment and a 19 day anaerobic corrosion period (vs. the 202 day  
 
 
FIGURE 7.5:  Corrosion potential (ECORR) and inverse polarization resistances (RP–1) of 
pretreated steel measured under anaerobic and aerobic conditions in CE 4.  
Aliquots of HS– were added at various stages during this anaerobic period.  
Labeled HS– concentration is cumulative for a specific period. 
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period for CE 3).  In this case, electrodes were pretreated at –700 mV for 50 hours and 
SEM and Raman spectroscopic analyses showed that a mixed magnetite/siderite layer 
was obtained.  The specific details of these surface analyses are provided in Chapter 8.   
Figure 7.5 shows ECORR (left ordinate, black line), and RP–1 values (right 
ordinate, data points) recorded on the pretreated electrodes.  Initially, ECORR and RP–1 
exhibited the behaviour expected under anaerobic corrosion conditions [9].  A brief 
exposure to O2 on day 3, however, led to a spike in ECORR to a value of ~ –200 mV and a 
corresponding increase in the RP–1 from < 2.5 × 10–4 to 4 × 10–4 ohms–1 cm–2.  On re-
establishment of anaerobic conditions both ECORR and RP–1 decreased but only to values 
(~ –525 mV and ~ 1.3 × 10–4 ohms–1 cm–2, respectively) indicating that a permanent 
potential transition had occurred, which is consistent with the establishment of separated 
anodic and cathodic sites (Chapter 3).  The corrosion rates prior to day 19 (~ 1.3 × 10–4 
ohms–1 cm–2 prior to sulphide addition) were in between the pre-film transition (~ 3 ×  
10–5 ohms–1 cm–2) and post-transition (~ 3 × 10–4 ohms–1 cm–2) values reported earlier 
[12], but more consistent with post-transition values.  This suggests the establishment of 
localized corrosion sites in this experiment; although the short duration of the experiment 
(19 days) is likely to minimize the topographical changes expected with localized 
corrosion. 
In this case, in the absence of extensive corrosion and a thick corrosion product 
produced by multiple anaerobic-aerobic cycles (CE 3) (Chapters 4 and 5), both ECORR and 
RP–1 responded rapidly to the addition of sulphide.  On the first sulphide addition  
(1 × 10–4 mol L–1), ECORR exhibited a transient decrease to ~ –575 mV before recovering 
to the pre-addition value.  The initial decrease in ECORR was accompanied by an 
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immediate increase in RP–1.  As discussed above in section 7.3.2, this implies that HS– 
stimulates corrosion at faults within the oxide film.  Subsequently, as ECORR recovered to 
its original value, RP–1 remained at its new higher value, suggesting a permanent change 
in the composition of the corrosion product deposit.  Subsequent additions of sulphide, 
which increased its concentration by a factor of 5, led to a considerably larger drop in 
ECORR but only a slight decrease in RP–1.  This combination of features is consistent with 
the formation of a partially protective sulphide film, which was not as protective as the 
initial oxide film.  A further doubling of [HS–] led to a further and permanent negative 
shift in ECORR, while RP–1 remained largely unaffected.   
Switching to aerobic conditions on day 84 caused an immediate increase in 
ECORR from –680 mV to –430 mV before a gradual relaxation to –530 mV by day 125.  
Simultaneously, the RP–1 gradually increased from 3 × 10–4 ohms–1 cm–2 to a maximum 
corrosion rate of 8 × 10–4 ohms–1 cm–2 by day 120. The increase in RP–1 was considerably 
larger over this aerobic period with sulphide present than observed previously (Figure 
4.2, Chapter 4) on switching from anaerobic to aerobic conditions in the absence of 
sulphide.  Also, ECORR steadily fell while RP–1 increased, which indicates an on-going 
increase in corrosion of the surface as opposed to the eventual (partial) passivation, which 
occurred on exposure to aerated solutions containing no sulphide (Figures 5.9 and 5.10, 
Chapter 5), further confirming the less protective characteristics of a sulphide film.  
Notably, this behaviour can be compared directly to that in CE 3, when the addition of 1 
× 10–3 mol L–1 of sulphide had no measureable effect on RP–1 when a thick oxide film 
was present. 
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7.3.5     CE 5:  Anaerobic-Aerobic Corrosion in a Dilute Exposure Solution 
In this experiment, two untreated steel coupons were exposed to a dilute solution 
containing sulphide, in an attempt to mimic the anionic content of natural groundwaters 
more closely than the above experiments [14].  It may also simulate the conditions  
 
FIGURE 7.6: Corrosion potential (ECORR) and inverse polarization resistances (RP–1) of 
untreated steel measured under anaerobic and aerobic conditions in CE 5.  
On day 78, the cell was removed from the glovebox and exposed to air.  
Aliquots of HS– were added at various times during this anaerobic period 
and the labeled HS– concentration is cumulative for a specific period. 
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expected on a freshly exposed pipeline.  Figure 7.6 is plot of ECORR, and RP–1 values (data 
points), as a function of exposure time.  For this experiment, HS– was present from the 
beginning of the experiment, at a concentration of 1 × 10–4 mol L–1, and the measured 
ECORR rose steadily from an initially low value of ~ –900 mV.  The equilibrium potential 
(Ee) for the Fe-HS– system is –1.09 V [23].  On increasing the [HS–] to 4 × 10–4 mol L–1, 
ECORR continued to increase steadily up to –830mV at day 35, before dropping to ~ –880 
mV at day 44.  Over this period there was no noticeable change in RP–1.  A further 
increase to 7 × 10–4 mol L–1 HS– on day 44, led to a slight increase in the ECORR from  
~ –880 mV to –850 mV by day 57.  A final addition to an [HS–] of 9 × 10–4 mol L–1 (day 
57) did not influence ECORR although the value did decrease by ~ 40 mV by day 62.  
Throughout this entire period, RP–1 remained < 7 × 10–5 ohms–1 cm–2. 
Overall, ECORR was significantly lower, by as much as 80 mV, than the value 
recorded under anaerobic conditions in the absence of sulphide (CE 1, Figure 7.2).  This 
implies that the corrosion films growing are different, and that an iron sulphide layer is 
the most likely product in this experiment.  Over the 78 day period, ECORR tended to 
gradually increase with time, but periodically (and suddenly) decrease to lower values.  
We have interpreted these steps in ECORR to indicate the growth of a corrosion product 
layer, presumably an iron sulphide film, which periodically fractures to re-expose the 
steel substrate; this is a similar interpretation to the iron oxide fracture formation 
described in Chapter 5.  Despite the variations in ECORR, the RP–1 value increased steadily, 
but only slightly, over the entire anaerobic period and did not noticeably respond to the 
sudden decreases in ECORR.  Throughout the experiment, the change in RP–1 is small, 
despite a nine-fold increase in [HS–].  The mean RP–1 was 4.5 ± 0.6 × 10–5 ohms–1 cm–2 in 
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the presence of sulphide, which is approximately equal to the value recorded in solutions 
without sulphide (4.4 ± 1.2 × 10–5 ohms–1 cm–2, Chapter 3). 
Overall, the results from this study demonstrate that sulphide does not 
significantly enhance the corrosion rate in dilute solutions.  This is consistent with the 
observations of Newman et al. [24], who found sulphide films to be passivating in the 
absence of any pre-corrosion of steel substrates.  Additionally the significantly lower 
[HCO3–] would limit the availability of protons to support the cathodic reaction and 
possibly increase the CR. 
On switching from anaerobic to aerobic conditions on day 78 (Figure 7.6), ECORR 
rapidly increased to –550 mV.  This was accompanied by an approximately one order of 
magnitude increase in RP–1, from 5 × 10–5 prior to air exposure to 4 × 10–4 ohms–1 cm–2 by 
day 80.  With time, ECORR gradually relaxed to ~ –650 mV, while the RP–1 fluctuated 
between 4 × 10–4 ohms–1 cm–2 and 5.2 × 10–4 ohms–1 cm–2. The immediate increase in 
ECORR and RP–1 on switching to aerobic conditions indicated that the films are susceptible 
to oxidation, which can occur rapidly. 
 
7.4 Discussion 
 
7.4.1      Summary of RP–1Values 
The RP–1 values calculated for the various phases in each experiment are plotted 
in Figure 7.7.  Since RP–1 values are proportional to corrosion rates, a direct comparison 
of these values is useful to assess the relative influences of the different exposure 
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conditions.  The error bars in this figure illustrate one half the standard error associated 
with the calculated mean values.  Calculated RP–1 values and the exposure intervals over 
which they were calculated are shown in Table 7.3.  The term “pre-transition” refers to 
RP–1 values measured under anaerobic conditions while ECORR was < –800 mV and “post-
transition” to values measured under anaerobic conditions after ECORR has undergone a 
transition to a value of > –550mV.  As discussed previously (and in Chapter 3), this 
transition indicates the separation of anodes and cathodes on the corroding surface after 
which corrosion will be proceeding predominantly at local sites.  
A number of general conclusions can be drawn from Figure 7.7 and Table 7.3: 
 
(i) As expected, the lowest corrosion rates (RP–1 values) occur under anaerobic 
conditions (RP–1 = 0.27 ± 0.13 to 1.05 ± 0.06 (CE 1, CE 2, CE 3)).  Even with 
HS– present the rate is within this range (CE 5). 
 
(ii) If the steel has undergone the transition in ECORR leading to the establishment of 
separated anodes and cathodes, corrosion rates are noticeably higher (RP–1 = 
1.20 ± 0.60 to 2.82 ± 0.10 [CE 4, CE 3]). In general terms this does not 
represent a large increase in corrosion rate; e.g., in experiment CE 3 in which 
this transition was studied in detail (Chapter 3).  However, as discussed 
previously (Chapters 3 and 5), corrosion is likely to concentrate in a small 
number of locations leading to tubercle formation over deeply corroded sites.  
Also, as discussed previously (Chapters 3 and 5), once this transition has 
occurred the low pre-transition corrosion rates cannot be re-established. 
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FIGURE 7.7: Comparison of relative rates in individual corrosion experiments calculated 
over specified intervals (see Table 7.3) under various redox and sulphide 
concentration conditions. 
 
(iii) Under aerobic conditions corrosion rates increased substantially, although the 
magnitude of the increase on switching from anaerobic to aerobic conditions 
depends on the corrosion history of the steel.  For example in experiment CE 3, 
the switch to aerobic conditions was conducted after pre-oxidation and a long 
spell of anaerobic corrosion under pre- and post-transition conditions. 
 
 
203 
 
 
TABLE 7.3: Summary of calculated corrosion rates (RP–1 values) for individual corrosion 
experiments under specific exposure conditions. 
 
Corrosion 
Experiment Exposure conditions 
Periods over which 
rate was calculated 
Averaged Rate / 
10–4 ohms–1cm–2 
1 
(i) Anaerobic (pre-
transition) 
 
(ii) Anaerobic (with HS–) 
10 – 35 d (Fig. 7.2) 
 
 
35 – 60 d (Fig. 7.2) 
1.05 ± 0.06 
 
 
3.13 ± 0.61 
2 
(i) Anaerobic (pre-
transition) 
 
(ii) Aerobic 
 
(iii) Aerobic (with HS–) 
0  – 28 d (Fig. 7.3) 
 
 
28 – 64 d (Fig. 7.3) 
 
64 – 81 d (Fig. 7.3) 
0.27 ± 0.13 
 
 
9.21 ± 1.67 
 
18.20 ± 3.16 
3 
(i) Anaerobic (pre-
transition) 
 
(ii) Anaerobic (post-
transition) 
 
(iii) Aerobic 
 
 
(iv) Anaerobic (with HS–) 
0 –  25 d (Ch.3) 
 
25 – 45 d  (Ch. 4) 
88 –107 d (Ch. 4) 
144 – 202 d (Ch. 4) 
 
45 – 87 d (Ch. 4) 
108 –  127 d (Ch. 4) 
 
202 – 238 d (Fig. 7.4) 
0.44 ± 0.12 
 
 
2.84 ± 0.10 
 
 
4.68 ± 0.50 
 
 
2.84 ± 0.72 
4 
(i) Aerobic 
 
(ii) Anaerobic (with HS–) 
 
(iii) Aerobic (with HS–) 
 
5  – 19 d (Fig. 7.5) 
 
19 – 84 d (Fig. 7.5) 
 
84 – 122 d (Fig. 7.5) 
123 – 125 d (Fig. 7.5) 
1.20 ± 0.60 
 
2.18 ± 0.33 
 
4.88 ± 1.10 
7.69 ± 0.16 
5 
(i) Aerobic 
 
(ii) Anaerobic (with HS–) 
0 – 79 d (Fig. 7.7) 
 
80 – 106 d (Fig. 7.7) 
0.45 ± 0.06 
 
4.17 ± 0.81 
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In this case, discussed in detail previously (Chapters 4 and 5), the difference in corrosion 
rates between anaerobic and aerobic conditions is approximately a factor of 10 (see RP–1 
for CE 3, (i) and (iii), Table 7.3).  By contrast, if a preceding period of corrosion forms 
only a thin surface oxide (presumably magnetite) and corrosion remains general (i.e., pre-
transition) then a switch to aerobic conditions has a considerably larger effect as the 
corrosion rate increased by a factor approaching 20 (CE 2, (i) and (ii), Table 7.3). 
 
7.4.2     Anaerobic Corrosion Rates in the Presence of Sulphide 
Under anaerobic conditions the corrosion rate in the presence of HS– depends 
very much on the corrosion history of the steel, as demonstrated by the above data.  The 
RP–1 values measured in sulphide containing solutions are plotted in Figure 7.8.  When 
HS– is added after a period of anaerobic corrosion (pre-transition) (CE 1) the corrosion 
rate increased substantially and exhibited a dependence on [HS–].  This has been 
interpreted to mean that steel covered by a thin anaerobically-formed film (presumably 
magnetite and siderite) is susceptible to corrosion by sulphide, and that the sulphide film 
formed does not passivate the steel surface.  Similarly, in CE 4, in which a switch to 
anaerobic (post-transition) behaviour occurred prior to sulphide addition, the initial HS– 
aliquot led to an increase in corrosion rate.  Previous work has demonstrated these oxides 
contain more FeIII species, but this does not provide passivity in the presence of  
HS–.  However, in contrast to the behaviour in CE 1, further HS– additions do not increase 
the corrosion rate, despite the decrease in ECORR observed as the [HS–] was periodically  
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FIGURE 7.8:  Comparison of anaerobic corrosion rates as a function of sulphide 
concentration.  For CE 3 there are two data points in the absence of 
sulphide; 0.44 ± 0.12 × 10–4 ohms–1 cm–2 is the anaerobic corrosion (pre-
transition) value, while 2.84 ± 0.10 × 10–4 ohms–1 cm–2 is the anaerobic 
corrosion (post-transition) value.  RP–1 values were calculated as described 
in Table 7.3. 
 
increased, Figure 7.5.  One possible explanation is that the corrosion rate is maintained at 
a higher level, as oxide is progressively converted to iron sulphide.  Corrosion would be 
driven by H+ reduction (from HCO3– dissociation) on pre-existing Fe3O4 (Chapter 3), or 
FeS formed after HS– addition while the iron sulphide corrosion product inhibits the 
anodic reaction at the new locations at which it is formed. 
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However, if a thick corrosion product film is present prior to HS– addition, as 
was the case in CE 3, then the addition of HS– has no apparent influence on the corrosion 
rate, as the RP–1 remains constant.  In this case access to the steel surface and significant 
corrosion would require oxide to sulphide conversion as described by the mechanism 
demonstrated by Poulton et al. [21] (reaction (7.1)).  Such reactions would be expected to 
occur too slowly to be observed on the time scale of our experiments.  However, this 
process would eventually be expected to lead to HS– access to the unprotected steel 
surface and a possible increase in corrosion rate.  Finally, when HS– is present from the 
beginning of an anaerobic exposure period (CE 5) the corrosion rate is effectively the 
same as if no HS– were present (the anaerobic condition described by CE 1) and is 
uninfluenced by further HS– additions.  This is consistent with the formation of a 
passivating sulphide film. 
These results for anaerobic sulphide containing solutions can be compared to 
those of Newman et al. [24].   In their work, polished electrodes exposed to 1.5 × 10–2 
mol L–1 HS– became passivated (RP–1 < 2 × 10–5 ohms–1 cm–2) within eight days.  
However, electrodes pre-corroded in a solution with a low [HS–] (6 × 10–4 mol L–1) and 
then exposed to higher concentrations (1.5 × 10–2  mol L–1) did not passivate, and 
demonstrated much higher RP–1 values (> 5 × 10–4 ohms–1 cm–2) [24].  At the high [HS–] 
it was claimed that depletion of HS– at the steel surface at the base of pores in a thin 
sulphide film did not occur, allowing the solubility product for FeS formation to be 
exceeded leading to passivation. However, in the presence of a thicker porous pre-
corrosion film, HS– was depleted at the base of pores allowing soluble Fe2+ to diffuse out 
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of the pores to be precipitated on the outer surface.  Under these conditions porosity is 
not eliminated, and active corrosion is sustained.   
Although our concentrations in CE 5 are lower than those employed by Newman 
et al. [24], the proposed formation of a passivating sulphide layer would be consistent 
with their explanation.  In addition, the considerably higher corrosion rates measured 
when a corrosion film was present before HS– addition (CE 1 and CE 4) would also be 
consistent with their argument since open porosity would be maintained, allowing iron 
sulphide deposition away from the actively corroding location at the base of pores.  This 
seems highly likely in CE 4 since the electrode was pretreated to grow a surface film.  In 
addition, the ECORR values measured in CE 4 indicate the separation of anodic and 
cathodic localized regions on the surface when pores would undoubtedly be present.  
However, as the [HS–] was increased in CE 4, the corrosion rate did not decrease as 
might be expected, since such an increase in [HS–] would be expected to eliminate the 
depletion of sulphide within pores leading to their closure by FeS formation.  A corrosion 
rate independent of [HS–] would be consistent with an on-going oxide to sulphide 
conversion process which is suggested by the decrease in ECORR as [HS–] was increased 
(Figure 7.5).    
 
7.4.3    Aerobic Corrosion Rates in the Presence of Sulphide 
The influence of sulphide on Rp–1 values under aerobic conditions is shown in 
Figure 7.9. The highest Rp–1 from all experiments is that recorded in CE 2, measured at 
18.20 ± 3.16 ohm–1 cm–2.  Analyses of the corroded surface (Chapter 8) showed no 
indication that local anodic and cathodic regions had been established, as pit formation 
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was not observed.  The corrosion behaviour in this case remains incompletely 
characterized: however, in the presence of O2, the formation of Fe3+ by oxidation of 
soluble Fe2+ is probable [13].  FeIII formed by this reaction would be expected to be 
present initially as a finely particulate FeIII hydroxide precipitate (possibly γ-FeOOH) and  
 
 
 
 
 
 
 
 
 
 
 
FIGURE 7.9:  Comparison of aerobic corrosion rates as a function of sulphide 
concentration.  The dashed line refers to the highest corrosion rate values 
observed for anaerobic corrosion with sulphide (Figure 7.8). For CE 4 
there are two data points for 1 × 10–3 mol L–1 of sulphide; 4.88 ± 1.10 × 
10–4 ohms–1 cm–2 is the RP–1 value calculated between days 84 and 122, 
while 7.69 ± 0.16 mol L–1 is the RP–1 value calculated between days 122 
and 125.  RP–1 values were calculated as described in Table 7.3. 
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would be thermodynamically expected to be redox active with sulphide [21].  Such 
reactions would lead to the generation of protons (via Fe3+ hydrolysis) [13] and lead to 
oxidized sulphur species (e.g., sulphur [20, 21, 25], sulphate [2, 26], and thiosulphate 
[S2O32–] [26, 27]).  High corrosion rates and an inability to passivate the surface by FeS 
formation would not be unexpected. 
RP–1 values measured in CE 4 and CE 5 were considerably lower than 18.20 ± 
3.16, but may not be the maximum possible corrosion rates.  This is particularly obvious 
in CE 4 during which the rate steadily increased up to the end of the experiment.  In this 
experiment, subsequent analysis of the surface shows the presence of tubercles (Chapter 
8), which are regions where sulphide may be highly reactive.  In fact, a steadily 
increasing rate with no apparent tendency to passivate as FeS is formed is consistent with 
the reaction scenario proposed by Newman et al. [22]. 
 
7.5  Summary and Conclusions: 
 
(1) Sulphide present under anaerobic conditions can lead to the formation of a 
passivating iron sulphide layer providing no oxide/siderite film is already 
present.  This is an unlikely occurrence on exposed pipeline steel. 
 
(2) If a magnetite/siderite layer is already present then the addition of sulphide 
leads to an increase in corrosion rate since the formation of a passivating 
layer of sulphide on the steel surface does not occur at pores in the oxide 
layer already present.  This behaviour is consistent with the published 
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literature [24].  In the study presented here anaerobic corrosion could then be 
sustained by H+ reduction (from HCO3– dissociation).  At the lower HCO3– 
concentrations expected in the natural groundwaters to which pipeline steel 
would be exposed, corrosion rates would be expected to be considerably 
lower. 
 
(3) When thick oxide films are present the addition of sulphide has little effect 
since access of sulphide to the steel surface is inhibited.  Since iron oxides 
are reducible in the presence of sulphide, protection of the surface would be 
expected to be lost eventually. 
 
(4) The highest corrosion rates are measured under aerobic conditions 
irrespective of whether the steel is covered by oxides or sulphides prior to the 
addition of sulphide.  The increase in corrosion rate on sulphide addition is 
particularly rapid if the film present is sulphide, since its oxidation proceeds 
rapidly.  If the film present is a porous oxide, temporary passivation may be 
achieved by sulphide formation in the pores of the oxide, but corrosion rates 
will eventually become very large. 
 
(5) The implication for transmission pipeline operators is to direct resources that 
prevent steel exposure to sulphide and oxygen (i.e., coatings that have 
improved steel adhesion) for new pipelines.  As for aged pipelines, 
technology devoted to detect local disbondment sites (e.g., in-line inspection 
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tools) should be primarily directed to pipeline locations that are susceptible 
to seasonal variations in oxygen and sulphur species. 
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Chapter 8 
 
THE EFFECT OF REDOX CONDITIONS AND SULPHIDE ON CARBON 
STEEL CORROSION BEHAVIOUR IN NEAR-NEUTRAL pH SALINE 
SOLUTIONS - PART 2: SURFACE ANALYSIS AND CORROSION 
MECHANISMS 
 
8.1 Introduction 
 
Systems under anaerobic corrosion with microbial effects that turn aerobic are 
particularly damaging to pipeline integrity, with reported corrosion rates as high as 2 to 5 
mm yr–1 [1, 2]. While microbial activity may decrease with oxygen, Fe2+-containing 
sulphides will oxidize under aerobic conditions to form Fe3+-containing oxides and 
elemental sulphur, allowing further pipeline damage, including localized corrosion [2, 3].  
This occurrence means that both Fe and S species are susceptible to oxidation, and 
produced sulphur quickly oxidizes to sulphite or sulphate, which can increase acidity.  
Difficulties in simulating complex field conditions in the laboratory have meant that only 
a limited number of experiments have accurately characterized the complex chemical and 
biological interactions between bacteria and pipeline steel [4, 5].  Consequently, few 
studies have comprehensively examined the galvanic couple between the pipe and the 
dispersed sulphide-rich corrosion deposits that help sustain the high corrosion rates 
observed at field sites [5, 6].  In a Chapter 6, it was demonstrated that the iron sulphide 
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formed using both biological and inorganic sulphide sources was mackinawite (Fe1+xS), 
consistent with published literature results [7, 8]. 
Studies of iron in the presence of inorganic sulphide have been performed, but 
primarily in acidic [9, 10] and alkaline [11, 12] solutions not immediately relevant to 
neutral groundwater conditions.  Unfortunately, the article by Hansson et al. remains the 
only available detailed study conducted in simulated neutral to slightly alkaline 
groundwaters [3].  The authors  monitored the influence of adding sulphide to iron 
specimens pre-exposed to deaerated 0.12 mol L–1 NaHCO3 (pH = 9.25 ± 0.15) [3].  Over 
10 days of open-circuit exposure, they observed the development of a poorly crystalline 
FeS identified by Raman spectroscopy as mackinawite.  The simultaneous Raman 
observation of α-FeOOH and polysulphides, however, have led to suggestions that 
conditions were not completely deaerated [3].  The authors also provided a brief 
description regarding the nature of iron sulphide films and how HS– aggressively attacks 
unprotected regions of the steel surface [3].   
While Hansson et al. [3] offers relevant information about iron sulphide 
formation, the time frames of the experiments performed were on the order of minutes, 
which is much too short for direct comparison to results obtained in the field.  In Chapter 
7, the corrosion potential (ECORR) and inverse polarization resistance (RP–1) measurements 
lasting on the order of months, under aggressive saline conditions, were described and 
provide a more suitable basis for the development of mechanistic models to describe the 
external pipeline damage incurred under field conditions [1, 2].   
This chapter discusses the results of surface analyses performed on electrodes 
and specimens exposed in the corrosion experiments reported in Chapter 7.  The methods 
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employed include scanning electron microscopy (SEM) and optical imaging to identify 
film morphologies, energy dispersive X-ray (EDX) analysis to determine the elemental 
composition of surface deposits, and Raman spectroscopy to identify corrosion product 
phases.  This chapter also offers a mechanistic description of the evolution in steel 
corrosion behaviour as redox conditions and sulphide concentrations change. 
 
8.1.1    Iron Oxide to Sulphide Conversion Kinetics 
As reported in Chapter 1, the reduction kinetics of various iron oxy-hydroxides 
in the presence of inorganic sulphide in aqueous systems have been well studied at near-
neutral pH [13-16], and shown to be influenced by the presence of sulphate reducing 
bacteria (SRB) [17].  These studies are important geochemically since hydrogen sulfide is 
an important reductant of iron oxides, and may be the major reagent for the reductive 
dissolution of iron oxides in sulphide-containing marine sediments [13].  For example, γ-
Fe2O3 may be slowly reduced to FeS and S0 [14]:  
 
γ-Fe2O3 + 3HS– + 3H+ → 2FeS + S0 + 3H2O     (8.1) 
 
A similar reaction appears to occur on oxidized iron surfaces, as reported by Hansson et 
al. [3].   
The mechanism proposed by dos Santos Afonso and Stumm, and listed in 
reactions (8.2) to (8.5), illustrates more explicitly a dissolution/precipitation mechanism 
[18].  Initially HS–displaces hydroxide from an Fe3+ surface site to release water 
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≡FeIIIOH + HS– → ≡FeIIIS– + H2O        (8.2) 
 
A more accurate depiction of the product of reaction (8.2) is as an Fe(II) species, 
 
≡FeIIIS– → ≡FeIIS          (8.3) 
 
Upon its interaction with water, a (surface) radical anion S•–can be formed, which leads to 
the release of Fe2+ and the generation of a second reaction site, 
 
≡FeIIS + H2O → ≡Fe2+OH2+(ads) + S•–        (8.4) 
≡Fe2+OH2+(ads) → new surface site + Fe2+(aq)       (8.5) 
 
The S•– radical can then rapidly reduce additional FeIII species leading to the formation of 
elemental sulphur [13, 19], 
 
≡FeIIIOH + S•– → ≡FeIIOH + S0       (8.6) 
 
In addition, dissolved Fe2+ (such as that formed via reaction (8.5)) may then 
react with additional HS– to yield FeS (reaction (8.7)), 
 
Fe2+ + HS– → FeS + H+         (8.7) 
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Precipitation of this species on the steel surface further complicates analysis of the 
process. 
 
8.2    Experimental Details 
 
8.2.1 Materials, Electrodes, and Solutions 
Experiments were performed with either X65 carbon steel (0.07 C; 1.36 Mn; 
0.013 P; 0.002 S; 0.26 Si; 0.01 Ni; 0.2 Cr; 0.011 Al [wt %]; balance Fe) provided by 
TCPL or A516 Gr 70 carbon steel (0.23 C; 1.11 Mn; 0.07 P; 0.10 S; 0.26 Si; 0.01 Cu; 
0.01 Ni; 0.02 Cr; 0.004 Mo; 0.036 Al; 0.019 V; 0.003 O [wt %]; balance Fe) from 
Unlimited Metals (Longwood, Florida, USA).   The majority of the experimental details 
have been discussed in Chapter 7.  For ease of reference in this chapter, Table 8.1 lists the 
compositions of the solutions used in individual corrosion experiments (CE 1 through 5).   
To maintain anaerobic conditions during anaerobic cycles, CE 1, 2, and 5 were 
performed in an anoxic chamber in Ar-purged solutions.  Anaerobic conditions were 
maintained in CE 3 and 4 by continuously purging the electrolyte solutions with ultra-
high purity Ar (Praxair, Mississauga, ON).  During aerobic cycles aerobic conditions 
were maintained by venting the cell with air, either by removing it from the anaerobic 
chamber or by terminating Ar-purging. 
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TABLE 8.1:   A list of the corrosion experiments (CEs) performed and the experimental 
conditions used. Preconditioning solution: 1 mol L–1 NaHCO3/ Na2CO3; 
concentrated solution: 0.2 mol L–1 NaHCO3 + 0.1 mol L–1 NaCl + 0.1 mol 
L–1 Na2SO4; dilute solution: 5.2 × 10–3 mol L–1 NaHCO3 + 6.2 × 10–3 mol 
L–1 Na2CO3 + 0.6 × 10–3 mol L–1 NaCl + 0.5 × 10–3 mol L–1 Na2SO4 + 0.1 
mol L–1 NaClO4. 
 
  
 8.2.2  Experimental Procedures 
   For CE 3, an experiment involving a series of anaerobic/aerobic cycles prior to 
sulphide addition, the experimental procedure has been described earlier (Chapter 4). 
Figure 8.1 shows the general potential profile used to both pretreat the steel samples 
(when performed) and to follow their subsequent corrosion behaviour.  Multiple 
electrodes were used during each experiment.  The details of the individual stages are 
described in Chapter 7 and are only briefly described here: Stages 1 and 2, electrode pre-
cleaning; stage 3, electrode pre-treatment (CE 3 and 4 only); stage 4, transfer of the  
CE Steel Grade Preconditioning Solution Exposure Solution 
 
1 A516 Gr 70 – Concentrated 
2 X65 – Concentrated 
3 A516 Gr 70 E = _750 mV; 60˚C Concentrated 
4 A516 Gr 70 E = _700 mV; 25˚C Concentrated 
5 X65 No Dilute 
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FIGURE 8.1:  General potential (E)-time profile used to prepare electrodes (including the 
preconditioning steps used in CE 1 and 4) and throughout the corrosion 
experiment. The various stages used for individual experiments are 
described in the text. 
 
electrode to the corrosion cell and exposure to anaerobic conditions prior to, or after, 
sulphide addition(s); stage 5, some specimens were removed for analyses; stage 6, a 
switch to aerobic conditions (when applied); stage 7, final analyses of exposed 
specimens.  The details of individual experiments were described in Chapter 7 and are 
summarized in Table 8.2.  ECORR was monitored continuously through stages 4 to 7, 
except for brief periods during which linear polarization measurements were performed, 
every 24 hours. 
220 
 
 
TABLE 8.2: Corrosion exposure sequence performed for individual corrosion 
experiments (CE). 
 
8.2.3    Surface Analysis 
Specimens and electrodes removed from solution during, or on completion of, an 
experiment were analyzed by scanning electron microscopy (SEM), energy dispersive X-
ray (EDX) analysis, optical imaging, and Raman spectroscopy.  SEM was performed 
along with EDX to elucidate the morphology of corrosion deposits and their elemental 
composition using a Hitachi S4500 field emission SEM and employing a primary beam 
voltage of 10.  To identify iron phases, a Renishaw 2000 Raman spectrometer, with a 
632.8 nm laser line and an Olympus microscope with a 50 magnification objective 
lens, was used.  The expected Raman peak positions for various Fe phases (and sulphur) 
are summarized in Table 8.3 [7, 8, 22-25]. 
 
 
 
 
CE Corrosion Exposure Sequence 
1 Anaerobic → Anaerobic + HS– 
2 Anaerobic → Aerobic → Aerobic + HS– 
3 Pretreatment → Anaerobic → Aerobic → … → Anaerobic + HS– 
4 Pretreatment → Anaerobic → Anaerobic + HS– → Aerobic 
5 Anaerobic → Aerobic → Aerobic + HS– 
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TABLE 8.3: Expected Raman peak positions for various iron phases. 
 
Compound Composition Raman Shift / cm–1 Reference 
ferrous sulphate FeSO4 990 [27] 
hematite α-Fe2O3 226, 292, 406, 495, 600, 700 [25] 
goethite α-FeOOH 297, 392, 484, 564, 674 [25] 
mackinawite Fe(1+x)S 254, 307, 318, 354 [7] 
maghemite γ-Fe2O3 358, 499, 678, 710 [25] 
magnetite Fe3O4 297, 523, 666 [25] 
pyrite FeS2 343, 379, 430 [28] 
siderite FeCO3 734, 1089, 1443, 1736 [26] 
sulfur S8 150, 220, 475 [6] 
 
8.3  Results and Discussion 
 
8.3.1  Effect of Sulphide on Steel Covered by a Thin Anaerobically Formed 
Oxide Layer (CE 1) 
After cathodic cleaning, the specimens were exposed to the following conditions:  
(i) Anaerobic corrosion in a sulphide-free solution for 35 days; 
(ii) Anaerobic corrosion in 1 × 10–4 mol L–1 sulphide solution for 20 days; 
(iii) Anaerobic corrosion in 5 × 10–4 mol L–1 sulphide solution for 6 days. 
Selected specimens were removed for analyses after 35 days, and at the completion of the 
experiment after 61 days (see Figure 7.2, Chapter 7).  Figures 8.2a,b show SEM 
micrographs of the steel surface prior to sulphide addition (after period 1).  Raman 
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spectroscopy, Figure 8.3a, identified the cubic crystals as siderite, FeCO3 (731 cm–1 and 
1082 cm–1; ref. 734 cm–1 and 1084 cm–1 [23]), and the layered crystal stacks as ferrous 
sulphate, FeSO4 (995 cm–1; ref. 990 cm–1 [24]), the latter precipitated from solution 
during surface drying.  Figure 8.2a shows the base layer under the siderite and sulphate 
deposits to be thin and coherent at some locations but apparently porous at others.  The 
high resolution SEM image in Figure 8.2b shows this layer to be ridged and covered with 
finely particulate material.  Raman analysis, Figure 8.3b, indicates this area is covered by 
magnetite, Fe3O4 (667 cm–1; ref. [22]).  The spectrum appears to fluoresce above 1000  
 
 
(a)                                                                  (b) 
 
 FIGURE 8.2: CE 1: (a) SEM micrographs of untreated steel surface before HS– added 
(day 35); (b) a close up of the base surface in (a). 
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(a)                                                                   (b) 
FIGURE 8.3: CE 1: Raman spectra of untreated steel before the addition of HS– (35 
days).  Spectra correspond to (a) the bright crystals and (b) the dark fuzzy 
patches observed in SEM micrographs (Figure 8.2). 
 
cm–1 due to electronic excitations of the underlying steel surface induced by the laser.  
The observed corrosion product deposits (i.e., siderite and magnetite) and corrosion rates 
(i.e., < 1 × 10–4 ohms–1 cm–2, Chapter 7) are consistent with published observations on 
steel under anaerobic conditions [20, 26]. 
SEM micrographs (Figures 8.4a,b) show the film morphology at the end of the 
experiment after exposure to 1 × 10–4 mol L–1 and 5 × 10–4 mol L–1 HS– solutions (day 
62).  The film was uniformly covered by a “whiskery” corrosion product deposit with a 
fine porous structure.  EDX analyses, Figure 8.5a, indicated S, Fe, O, C, and Na were 
present on the surface.  A possible source of silicon was the steel, which is known to 
contain Si (0.26 %).  The strength of the S peak in the EDX spectrum compared to that 
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for O suggests the substantial formation of iron sulphide.  Figure 8.5b shows the Raman 
analysis of the film shown in Figure 8.4, and indicates the presence of mackinawite, 
Fe1+xS, (315 cm–1; ref. 318 cm–1 [8]) and magnetite (661 cm–1) although unidentified 
peaks are also observed at 330 cm–1 and 366 cm–1.  The broadening of the 661 cm–1 (ref. 
667 cm–1 [22]) peak for Fe3O4 could be due to its presence underneath a mackinawite 
layer.  Surprisingly, Raman did not detect even a weak siderite signal at ~ 1082 cm–1; one 
possibility is that the siderite was covered with deposited sulphide.  There is no reason to 
suspect that siderite reacted with HS–; in fact Jack et al. [1] show siderite and 
mackinawite co-exist under field conditions.  It is possible that the fuzzy ball in the top 
left corner of Figure 8.4b is a siderite crystal covered in mackinawite. 
  
(a)                                                             (b) 
FIGURE 8.4: CE 1: (a) Low and (b) high resolution SEM micrographs of an untreated 
steel surface after 61 days of exposure, the final 26 days of exposure with 
sulphide present. 
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(a)                                                         (b) 
FIGURE 8.5: CE 1: (a) EDX spectra and (b) Raman analysis of the surface shown in 
Figure 8.4. 
 
The dominance of mackinawite on the surface, but with residual magnetite in a sublayer, 
is consistent with the observed increase in ECORR and RP–1 (Figure 7.2, Chapter 7).  The 
increase in these parameters on first addition of HS– is not unexpected based on the 
observation that the Fe3O4 base layer is porous prior to HS– addition (Figure 8.3b) and 
indicates the onset of active corrosion.  The subsequent increase in ECORR and decrease in 
corrosion rate then suggests the mackinawite that formed is passivating.  However, this 
state is temporary, and passivity is not maintained as indicated by the long term trend in 
ECORR (from ~ –780 mV to –800mV) accompanied by an increasing rate.  This long term 
increase in rate and the accumulation of mackinawite at the film solution interface 
indicates the on-going transport of Fe2+ out of the pores.  This observation is consistent 
with the mechanism claimed by Newman et al. [27], that consumption of HS– at the outer 
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film surface leads to its depletion at the metal interface at the base of pores and, hence, 
the maintenance of the pore structure.  The persistence of Fe3O4 on the surface is also not 
unexpected since Poulton et al. [14] have shown that the direct reaction of magnetite with 
HS– is slow on the time scale of this experiment.  In addition, at the negative ECORR 
values prevailing, it is possible that the corrosion process could be sustained by proton 
reduction on the outer Fe3O4 and Fe1+xS surfaces.  If the cathodic reaction were to be 
separated spatially from the anodic reaction in this manner then the sulphide-depleted 
locations at the base of pores could become slightly acidified by Fe2+ hydrolysis. 
 
8.3.1.1 Steel Behaviour Under Anaerobic to Anaerobic With HS– Corrosion 
Based on ECORR and RP–1 trends observed in CE 1 (Figure 7.5, Chapter 7), HS– 
attack appears to occur via a two step process.    Figure 8.6 is a schematic representing a 
possible corrosion mechanism.  Prior to addition of HS–, the film is composed of a  
 
FIGURE 8.6: Schematic illustrating the reaction of sulphide with a pre-corroded steel 
surface under anaerobic conditions. 
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mixture of siderite and magnetite.  Addition of sulphide led to transient decreases in film 
resistance (between 2 × 10–4 and 4.3 × 10–4 ohms–1 cm–2, Figure 7.2, Chapter 7); this can 
be interpreted as an increase in corrosion rate.  It is hypothesized that HS– targets fault 
locations on the steel surface to gain access to the steel, to form a mixed FeS - iron 
oxide/carbonate deposit (Transition 1) [28, 29].  According to Shoesmith et al., 
mackinawite growth is controlled by the rate of cracking and repair of an initially formed 
oxide base layer, and the rate of Fe2+ release at these sites [30].  An increase in corrosion 
rate would suggest that the oxide/carbonate structure is less protective to HS– exposure 
prior to Transition 1 (Figure 8.6).  During the first period, from day 35 to day 45, the 
corrosion rate increased and then decreased, which is consistent with HS– attack at local 
sites which initially accelerates corrosion before eventually blocking, or partially 
passivating these locations, by an accumulated sulphide deposit.  Additional HS– 
exposure leads to a second spike in the corrosion rate; we have interpreted this as when 
Transition 2 occurs, indicating further replacement of the mixed FeS - iron 
oxide/carbonate film by FeS.  Eventually, ECORR decreased steadily as RP–1 increased 
steadily, consistent with the on-going replacement of the oxide by the porous, less 
protective sulphide. 
Hansson et al. proposed that porous magnetite films provide sufficient porosity 
for Fe2+ to diffuse from the base of pores within the oxide and react with HS– to form 
mackinawite at the mouth of the pores [3].  It is also well established that the reduction of 
iron oxy-hydroxides by HS– is a surface-controlled process [18], and, under acidic to 
near-neutral conditions, magnetite slowly, reductively dissolves in the presence of HS–, 
reaction (8.1) [14, 31]; dissolved Fe2+ reacts with HS– to form a monosulphide species 
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(reaction (8.7)).  Based on thermodynamics [32] and field observations [1, 6], siderite is 
expected to remain unaffected by sulphide.  The corrosion product deposits that form 
during the initial anaerobic corrosion period up to day 35 in CE 1 (Figure 8.2) were 
inhomogeneous in morphology, which would prevent sulphide from forming a 
passivating film.   
 
8.3.2 Effect of Sulphide Addition After an Anaerobic-Aerobic Cycle (CE 2) 
After cathodic cleaning, the specimens were exposed as follows:  
(i) Anaerobic corrosion in a sulphide-free solution for 29 days; 
(ii) Aerobic corrosion in a sulphide-free solution for 33 days; 
(iii) Aerobic corrosion in a solution in which the [HS–] was increased from 6.25 × 
10–4 to 3.75 × 10–3 mol L–1 over 20 days. 
Multiple electrodes were used in this experiment, and selectively removed after 29, 62 
and 82 days.  Figures 8.7a,b are SEM micrographs of the steel surface after exposure to 
the solution for 27 days.  Polishing lines are still visible, which suggests limited corrosion 
has occurred on the sample, as expected based on the very low corrosion rates measured 
over this exposure period (Figure 7.3c, Chapter 7).  Figure 8.7c is an EDX spot analysis 
of the surface showing the presence of Fe, C, Na, and Si.  The weak O signal, which 
overlaps with the Fe peak at ~ 1.5 keV, confirms that only a thin surface film is present.  
At the ECORR prevailing in this experiment (< –800 mV, Figure 7.3, Chapter 7) and in the 
absence of obvious deposited siderite crystals, it is likely that this thin layer is magnetite, 
although this was not confirmed by Raman or other analysis. 
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(a)                                                                  (b) 
 
 
 
 
 
 
 
(c) 
FIGURE 8.7: CE 2: SEM micrographs of untreated steel after anaerobic exposure for 29 
days: (a) low resolution image and (b) high resolution image showing the 
polishing lines on the steel surface. (c) EDX spot analysis of the surface. 
 
Figure 8.8a is a low resolution SEM micrograph of the electrode after 29 days of 
anaerobic corrosion followed by 33 days of aerobic corrosion (e.g. day 62).  The most 
prominent image features are localized tubercles.  Figure 8.8b is a close up of the surface  
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(a)                                                             (b)                         
FIGURE 8.8: CE 2: (a) Low resolution SEM micrograph of tubercles formed on a steel 
surface after anaerobic (29 days) followed by aerobic (33 days) exposure. 
(b) High resolution SEM micrograph of surface deposits adjacent to the 
tubercles shown in (a). 
 
 
 
 
 
 
(a)                                                             (b)                         
FIGURE 8.9: CE 2: Raman spectra of (a) a tubercle and (b) the oxide surface adjacent to 
the tubercles shown in Figure 8.8. 
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surrounding the localized tubercles.  The finely particulate corrosion product deposit was 
not evident prior to aerobic exposure (Figure 8.7).  Figure 8.9a shows a Raman spectrum 
of a tubercle, and indicates the presence of goethite, α-FeOOH (245, 299, 397, 471, 553, 
and 678 cm–1; ref. 297, 392, 484, 564, and 674 cm–1 [22]) and magnetite (299 and 678 
cm–1) as the dominant phases.  Figure 8.9b shows a Raman spectrum of the surface 
adjacent to the tubercles, and shows a similar composition.  The dominance of goethite is 
unsurprising owing to the presence of dissolved O2 [33].  The very weak Raman peaks at 
678 cm–1 in a tubercle region (Figure 8.9a) and 681 cm–1 on the surrounding surface 
suggest the presence of magnetite as a layer underneath the goethite. 
The appearance of tubercles indicates that the separation of anodes and cathodes 
was induced, presumably during the aerobic exposure period.  Subsequent corrosion 
would be expected to concentrate at these locations, with the surrounding surface 
remaining considerably less reactive.  The scattered nature of the corrosion product 
deposit on the tubercle-surrounding areas suggests that, after this relatively short 
exposure period, the goethite surface layer may not be completely protective allowing O2 
reduction in support of active corrosion within the tubercles.  Figure 8.10 is a schematic 
illustration of this mechanism.  A more detailed discussion of reactions occurring within 
the tubercle location was included in Chapter 5.   
The surface of the electrode removed on day 82, after 20 days of exposure to 
aerobic conditions with a periodically increased sulphide level, was completely black 
when the electrode was initially removed from solution, but turned orange on air 
exposure consistent with the air oxidation of available Fe(II) species.  Figure 8.11a is a 
SEM micrograph showing an area of the surface partially occupied by tubercles and  
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FIGURE 8.10: Proposed mechanism for the formation of tubercles during aerobic 
corrosion.  The major pathway leads to localized tubercle formation and 
pitting, while the minor pathway leads to goethite formation on magnetite 
surfaces adjacent to the tubercle. 
 
associated filiforms.  Although individual tubercles are smaller in cross section, the 
corrosion morphology is consistent with that observed after successive periods of 
anaerobic/aerobic cycling (Chapter 4).  EDX spot analysis indicates the presence of S on 
tubercle surfaces, along with Fe, C, and O (Figure 8.11b).  The O signal was still 
dominant indicating oxide to sulphide conversion is slow.  Small amounts of silicon and 
aluminum were also present as a result of steel impurities, or from the polishing 
materials. A Raman spectrum recorded on a tubercle, Figure 8.12 indicates that goethite  
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(a)                                                             (b)                         
FIGURE 8.11: CE 3: (a) SEM micrograph of the tubercles shown in Figure 8.8 after 
exposure to a sulphide-containing solution for 20 days. (b) EDX spectrum of a tubercle 
shown in (a). 
 
 
 
 
 
 
 
FIGURE 8.12: CE 3: Raman spectra recorded on a tubercle (Figure 8.11a) after anaerobic 
(29 days), aerobic (33 days), and aerobic corrosion with sulphide (20 
days). 
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(a)                                                             (b)                         
 
 
 
 
 
 
(c) 
FIGURE 8.13: CE 3: (a) Low and (b) high resolution images of the steel surface 
surrounding the tubercles shown in Figure 8.11. (c) EDX spectrum of the 
same region. 
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remains the dominant phase with magnetite (and possibly mackinawite) also present.  A 
shoulder in the spectrum, around 465 cm–1, could suggest the presence of elemental 
sulphur (ref. 475 cm–1 [7]). 
Figure 8.13a,b show low and high resolution SEM micrographs of regions of the 
steel surface not covered by tubercles.  A random array of overlapping hexagonal shaped 
wafers with a density greater than observed in similar locations prior to sulphide addition, 
Figure 8.9b, is observed, indicating HS– addition lead to enhanced corrosion in these 
areas.  While EDX spot analysis, Figure 8.13c, showed S to be present, the relative 
strengths of the O and S peaks indicates the surface remains predominantly oxide-
covered.  However, Raman analysis (Figure 8.14) clearly identifies the presence of 
mackinawite (254, 302, and 362 cm–1) and probably elemental sulphur (469 cm–1).   
 
 
 
 
 
 
 
FIGURE 8.14: CE 3: Raman spectra of the steel surface surrounding the tubercles shown 
in Figure 8.11. 
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After each successive HS– addition, ECORR exhibited a transient decrease and 
recovery, accompanied by a transient surge and subsequent decrease in RP–1.  The 
rapidity of transients, which continued for durations up to 2 days, suggests the response 
of active locations on the steel surface, which are most likely to be at the exposed steel 
surface within the tubercles.  Given the porosity of the tubercle caps, HS– penetration at 
these locations would be expected to lead to a surge in active corrosion (ECORR decrease; 
RP–1 increase).  Since diffusive escape of soluble Fe2+ from within the tubercles will be 
difficult in the presence of the goethite caps, iron sulphide formation, leading to at least 
partial corrosion inhibition within the tubercle, would also be expected.  Under aerobic 
conditions it is possible that such a reaction could be supported by O2 reduction on 
adjacent magnetite surfaces around the edge of the tubercle.  Formation of mackinawite 
within the tubercle underneath the predominantly goethite cap would then explain the 
failure to unequivocally detect this phase at tubercle locations. 
A second feature of the corrosion process after HS– addition is the superposition 
on the transients described above of an overall decrease in ECORR and increase in RP–1 
(Figure 7.4, Chapter 7). This may reflect the steady, more general corrosion process on 
locations outside the tubercles where mackinawite and sulphur formation are detected.  
Beyond the time frame of this experiment this overall conversion and activation would be 
expected to continue and lead to the considerably higher rates and unprotective deposits 
observed under field conditions.  This conversion process is likely to be driven by the 
reaction of goethite with HS– according to the mechanism described by Poulton et al. 
[14].    
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8.3.3 Effect of Sulphide on Carbon Steel Covered by a Thick Oxide Corrosion 
Product Layer (CE 3) 
After cathodic cleaning, the electrode was exposed as follows: 
(i)  Anaerobic pretreatment by electrochemically polarizing the electrode at –750 mV 
for 50 hours in a preconditioning solution at 60ºC; 
(ii)  Removed from preconditioning solution to the corrosion cell at 25ºC; 
(iii) Alternating anaerobic corrosion (four periods) and aerobic corrosion (three 
periods) conditions in a sulphide-free solution for 202 days;  
(iv)  Anaerobic corrosion in a solution containing 1 × 10–3 mol L–1 HS– for 36 days. 
After 202 days of anaerobic-aerobic cycling, the addition of HS– had no significant 
impact on either ECORR or RP–1 implying that the oxide present was impenetrable and 
prevented HS– from reaching the steel surface and enhancing the corrosion rate.  This is 
not surprising since tubercles on this surface are large and capped with very thick 
deposits, while the remaining majority of the surface was covered with a black, compact 
maghemite layer ~ 4.5 µm thick (Chapter 4).  EDX and SEM analyses performed at the 
termination of the experiment after 238 days detected nano-sized S-containing particles, 
presumed to be FeS, on the outer surface of the oxide.  However, SEM/EDX analysis of 
cross sections of the 4.5 µm oxide prepared using focused ion beam milling, revealed that 
HS– had not penetrated through pores in the oxide (Figure 4.6, Chapter 4). The minor 
surface sulphide deposits indicated a very slow reaction of HS– with the maghemite-
covered surface, as expected from the results of Poulton et al. [14] which indicate 
reaction (8.1) progresses slowly. 
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8.3.4  Effect of Sulphide on Carbon Steel Covered by a Thin Magnetite/Siderite 
Layer (CE 4) 
After cathodic cleaning, the electrode was exposed to an anaerobic pretreatment 
by electrochemically polarizing the electrode at –700 mV for 50 hours in a 
preconditioning solution at 25ºC.  Figures 8.15a,b show SEM micrographs of a patchy 
film composed of several large hemispherical particles and a fine needle-like crystalline 
deposit were formed by anodic film growth at –700 mV for 50 hours.  Optically, the 
crystals and particles appear grey and bright, respectively (Figure 8.15c).  Raman 
spectroscopy, of which an example is shown in Figure 8.14d, shows the bright yellow 
particles to be siderite (725 and 1084 cm–1) while the crystalline deposit appears to be a 
mixture of iron oxides, comprising primarily maghemite (367, 475, and 725 cm–1; ref. 
358, 499, 678, and 710 cm–1 [22]) and hematite (287 cm–1; ref. 292 cm–1 [22]).  Such an 
oxide/siderite mixture is not unexpected after oxide pre-growth at –700 mV and exposure 
to air on transfer from the pretreatment cell to the corrosion cell, and consistent with the 
observed ECORR value of ~ –550 mV on first immersion (Figure 7.5, Chapter 7). 
   After this pretreatment, specimens were exposed as follows:  
(i) Brief aerobic exposure for < 2 days; 
(ii) Anaerobic corrosion in a sulphide-free solution for 17 days; 
(iii)  Anaerobic corrosion for 65 days in a solution in which the sulphide 
concentration was increased periodically from 1 × 10–4 to 1 × 10–3 mol L–1 
over 48 days; 
(iv)  Aerobic corrosion in a solution containing 1 × 10–3 mol L–1 of sulphide for 46 
days. 
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(a)                                                       (b) 
 
 
 
 
 
 
(c)                                                         (d) 
 
FIGURE 8.15: CE 4: The steel surface after electrochemical pretreatment at –700 mV for 
50 hours: (a,b) SEM micrographs; (c) optical image; and (d) Raman 
spectrum. 
 
Two specimens were removed for analysis after 45 and 84 days.  After 45 days (including 
28 days of exposure to anaerobic conditions in a solution containing 10–4 mol L–1 HS–)  
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(a)                                                       (b) 
FIGURE 8.16: CE 4: (a) Optical image and (b) Raman spectrum of a steel surface feature 
(indicated by the cross) after 45 days, including 19 days of anaerobic 
corrosion followed by 25 days of anaerobic corrosion with sulphide, in a 
solution containing 1 × 10–4 mol L–1 HS–. 
 
the surface looked optically similar, Figure 8.16a, to that observed immediately after 
pretreatment, Figure 8.15c.  Raman analyses confirm that the bright particles are siderite, 
but that the background area also contains siderite (1082, 734, and 1723 cm–1), Figure 
8.16b.  Despite an early transient decrease and recovery, ECORR in this experiment 
remained the same as that measured prior to HS– addition while RP–1 roughly doubles 
(Figure 7.5, Chapter 7).  Despite this increase in corrosion rate the absence of 
mackinawite indicates the preformed oxide is stable in the presence of this low [HS–], at 
least over this limited exposure period. 
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After 84 days, including periods of anaerobic exposure to solutions containing 5 
× 10–4 mol L–1 (days 46 to 66) and 1 × 10–3 mol L–1 (days 66 to 84), ECORR is decreased  
 
 
 
 
 
 
 
(a)                                                                (b) 
 
 
 
 
 
 
     (c)                                                                  (d) 
 
FIGURE 8.17: CE 4: (a) Optical image of surface features formed after 84 days, 
including 19 days of anaerobic corrosion followed by 65 days of 
anaerobic corrosion with sulphide, in 1 × 10–3 mol L–1 HS–.  Raman 
spectra of locations on the specimen: (b) adjacent to the bright crystals, 
(c) fuzzy crystals, and (d) bright crystals.  
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considerably (from ~ –525 mV to ~ –625 mV).  RP–1, while erratic, is not significantly 
changed by the increase in sulphide concentration (Figure 7.5, Chapter 7).  Figure 8.17a 
is an optical image of the surface and Raman analysis shows that the bright siderite 
crystals remain visible after 84 days (1083 cm–1, Figure 8.17d), although their number 
density is significantly decreased.  This decrease in visible number density may reflect 
the accumulation of additional corrosion products on the surface.  Raman analyses 
indicate considerable mackinawite formation occurred, Figure 8.17c (243 and 296 cm–1), 
although the presence of magnetite, Figure 8.17b (295 and 663 cm–1) again indicates the 
oxide to sulphide conversion is slow.  The small peak at 985 cm–1, Figure 8.17b, can be 
attributed to ferrous sulphate.  The apparent presence of pyrite, FeS2 (343, 375, and 426 
cm–1; ref. 343, 379, and 430 cm–1 [25]), Figure 8.17d, suggests some oxidation of 
mackinawite occurred possibly due to small amounts of dissolved O2 in the corrosion 
cell.  According to Benning et al., the conversion of FeS to FeS2 involves intermediate S 
species (e.g., S0, Sn2–) and/or oxidized iron phases (e.g., Fe3S4).  The switch from 
anaerobic-with-sulphide to aerobic-with-sulphide conditions, lead to an immediate 
increase in ECORR to ~ –425 mV followed by a steady decrease to ~ –550 mV over ~ 40 
days and a steady increase in RP–1 indicate activation of the surface (Figure 7.5, Chapter 
7).  This specific surface was not characterized, but based on published literature [34, 35], 
mackinawite is expected to oxidize to goethite and sulphur in the presence of O2, a 
process that would be expected to destroy the protectiveness of the corrosion product 
deposit. 
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8.3.5     Effect of Sulphide in Dilute Exposure Solutions Under Anaerobic- 
Aerobic Conditions (CE 5) 
After cathodic cleaning, specimens were exposed as follows:  
(i) Anaerobic corrosion in a series of solutions in which [HS–] was periodically 
increased from 10–4 mol L–1 (14 days) to 4 x10–4 mol L–1 (30 days), 7 × 10–4 
mol L–1 (13 days), and finally 9 × 10–4 mol L–1 (20 days); 
(ii) Aerobic corrosion in a solution containing 9 × 10–4 mol L–1 of sulphide for 26 
days. 
Specimens were removed for analyses after 44 days and upon completion of the 
experiment.  Figure 8.18a is a low resolution SEM micrograph depicting the film 
morphology after 44 days; the visibility of the polishing lines demonstrates that any 
surface film is thin.  This is consistent with the very low measured corrosion rates (3.04 ± 
0.79 × 10–5 ohms–1 cm–2, Figure 7.6, Chapter 7).  The high resolution image in Figure 
8.18b reveals a uniform, porous structure, which Raman analysis shows is mackinawite 
(250, 308, and 351 cm–1) and sulphur (217 and 474 cm–1), Figure 8.18c.  The 
identification of sulphur suggests that anaerobic corrosion at low sulphide concentrations 
may yield both magnetite and mackinawite, the former eventually converting to 
mackinawite and sulphur (reaction 8.2). 
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(a)                                                            (b) 
 
 
 
 
 
 
(c) 
FIGURE 8.18: CE 5: (a,b) SEM micrographs of untreated steel after anaerobic corrosion 
with 4 × 10–4 in a sulphide-containing solution for 44 days, and (c) a 
Raman spectrum of the same area. 
 
On switching to aerobic conditions after 79 days, both ECORR and RP–1 
immediately increase and then remain constant over the 26 day exposure period (Figure 
7.6, Chapter 7).  This was not unexpected since the results in the previous experiment  
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(a)                                                        (b) 
FIGURE 8.19: CE 5: (a) Optical image and (b) SEM micrograph of steel after anaerobic 
corrosion with 9 × 10–4 mol L–1 HS– (77 days) followed by aerobic 
corrosion (26 days).  Boundary (corrosion “front”) separates a surface 
only slightly corroded (iron sulphide, to the right in each image) from a 
surface severely corroded (iron oxide, to the left). 
 
(CE 4) also indicated a very rapid increase in corrosion rate on the establishment of 
aerobic conditions.  Figure 8.19a,b show optical and SEM images of an apparent 
corrosion “front” on the steel surface, taken from day 106.  To the right of the front 
(boundary) the SEM image shows a surface only slightly corroded, while to the left a 
considerable deposit has accumulated.  The EDX elemental maps in Figure 8.20 show 
strong signals for O on either side of the apparent dividing ridge, but a markedly 
stronger S signal for the featureless area to the right.  This is consistent with the 
presence of a dual oxide-sulphide layer in this region.  Also, the Fe signal is noticeably  
 
 
 
 
 
(a)                                               (b) 
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(c)                                                 (d) 
FIGURE 8.20: CE 5: EDX elemental maps of the surface shown in Figure 8.19: (a) Fe, 
(b) S, (c) Si, and (d) O. 
 
stronger in this region, which is consistent with the presence of a thinner corrosion 
product film.  The lack of a signal in the boundary region is presumed to be due to an 
interference of the topography with X-ray emission.   
Figure 8.21a shows an SEM image, and Figure 8.21b an EDX spot analysis of 
the boundary region.  The strong O and minor S signals confirm this region is primarily 
oxide.  As shown in the optical image in Figure 8.22a, the orange colour suggests the 
deposit is hematite, and this assignment is confirmed by the Raman spectrum in Figure 
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(a)                                                                (b) 
FIGURE 8.21: CE 5: (a) SEM micrograph of the corrosion front shown in Figure 8.19); 
(b) EDX spot analysis of the same region. 
 
(a)                                                               (b) 
FIGURE 8.22: CE 5: (a) Optical image and (b) Raman spectra of the corrosion front 
(Figure 8.19). 
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(a)                                                                    (b) 
 
 
 
 
 
 
(c) 
FIGURE 8.23: CE 5: (a) Low resolution and (b) high resolution SEM micrographs of the 
sulfide-rich region shown in Figure 8.19; (c) EDX spectra of the same 
surface. 
 
8.22b (220, 286, 400, 485 604, and 1295 cm–1).  It is likely that this phase formed during 
aerobic conditions.  The SEM micrograph in Figure 8.23a shows the film is the S-rich 
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region (i.e., the area on the right of the micrograph in Figure 8.19b) is coarser than the 
anaerobically-formed mackinawite shown in Figure 8.18a with a light, widely-
distributed deposit and a significant number of ruptured or incipient blisters.  The 
magnified image in Figure 8.23b shows the original porous surface morphology is 
retained and only slightly affected by the switch to aerobic conditions, with a fine 
fibrous deposit decorating some areas of the surface.  The EDX spectrum in Figure 
8.23c confirms the presence of both oxide and sulphide species in this area.  
The optical image of this area, Figure 8.24a, shows the presence of orange 
clusters suggesting the partial oxidation of FeS to iron(III) oxide via reactions such as 
(8.4) (e.g., goethite or hematite phases).  Raman spectra recorded on these orange 
locations, Figure 8.24b somewhat support this claim, as they indicate the presence of 
maghemite (a broad peak encompassing the range from 665 to 710 cm–1).  However, 
given the lack of definition within the spectrum, these assignments cannot be considered 
definitive evidence; additional phases, such as pyrite, could also contribute.  
Nonetheless, the spectrum recorded on the background surface (at the cross hairs in the 
optical image, Figure 8.24a) confirms that the dominant phases that remain were 
mackinawite (253, 313, and 353 cm–1) and sulphur (494 cm–1).   
SEM micrographs of the oxygen-rich region (i.e., the left side of the images in 
Figure 8.19) are shown in Figure 8.25a,b.  At low resolution, Figure 8.25a, the deposits 
appear as a collection of irregular clusters.  At high resolution, however, individual 
cubes display a flower-shaped nanostructure (Figure 8.25b).  An EDX spot analysis, 
Figure 8.25c, confirms the presence of iron oxides as only a minor peak for S is 
observed.  Figure 8.26a is an optical image of the flower-shaped deposit, and Raman 
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analysis suggests the red deposits are maghemite (684 cm–1, Figure 8.26b) although the 
peaks are  
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
(b)                                                                 (c) 
 
FIGURE 8.24: CE 5: (a) Optical image and Raman spectra of (b) orange deposits and (c) 
the film within the sulfide-rich region shown in Figures 8.19 and 8.23a,b. 
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(a)                                                             (b) 
 
 
 
 
 
 
(c) 
FIGURE 8.25: CE 5: (a) Low resolution and (b) high resolution SEM micrographs of the 
oxide-rich region shown in Figure 8.19. (c) EDX spot analysis of the same 
region. 
 
superimposed on a high fluorescence background.  This can be attributed to the very fine 
particle size of this oxide conversion product.  Raman analysis of the bright crystals 
shows them to be siderite (724, 1069 cm–1), Figure 8.26c. 
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(a) 
 
 
 
 
 
 
(b)                                                                 (c) 
 
FIGURE 8.26: CE 5: (a) Optical image and (b) Raman spectra of bright crystals and (c) 
red deposits observed within the oxide-rich region shown in Figures 8.19 
and 8.25a. 
 
Taken from day 106 of CE5, the SEM image in Figure 8.23a shows a blistering 
of the sulphide layer originally formed under anaerobic exposure conditions.  This result 
suggests an under-deposit corrosion process is occurring, of the Fe surface, below the 
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sulphide layer.  It is possible that the corrosion leading to the oxide formation shown in 
the left side of the images in Figure 8.19 occurred by such a process, and that the 
exposure of this area was due to the detachment of the blistered outer sulphide layer.  
This claim is supported by the SEM micrograph and accompanying EDX maps, shown 
in Figure 8.27, obtained at day 106 of CE5.  It is clear in the top left of this image that a  
 
 
 
 
 
 
(a)                                                          (b) 
 
 
 
 
 
(c)                                                             (d) 
FIGURE 8.27:  CE 5: (a) SEM image of another region on the surface of the specimen 
shown in Figure 8.18 revealing sulphide blistering and an area (top left) 
where the mackinawite layer originally present has detached.  EDX 
elemental maps of the same area: (b) S, (c) O, and (d) Si. 
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fraction of the surface layer has detached.  This is not an incomplete FeS film as 
individual patches were not observed within the uniform, mackinawite film prior to 
oxygen exposure.  The absence of an EDX signal for S in this region compared to the 
remainder of the surface indicates that the detached layer was the original anaerobically-
grown mackinawite layer.  The strong signal for S on the scale-covered surface (i.e. the 
remainder of the surface) indicates the mackinawite layer remains attached in this region.  
The alternating rows of high and low S signal may be due to the deposits apparently 
present on the surface (and visible as small particulates in the SEM image) in these 
locations but may also indicate extensive undermining of the sulphide by oxide 
formation, which enhances its detachment in these areas.  The uniform EDX signal at all 
locations in the image (Figure 8.27b) supports this claim.  This latter claim is supported 
by the alternating S and Si intensities.  Si is likely to remain as a residue on the corroded 
steel surface and to be more readily detectable by EDX in areas where the mackinawite 
remains adhered to the steel surface. 
These results indicate that aerobic corrosion can proceed rapidly underneath a 
weakly adherent mackinawite layer to significant quantities to produce FeIII oxides.  For 
such a process to occur the mackinawite layer must be sufficiently porous to allow it to 
initiate and remain chemically stable on the time scale of the experiment; i.e., not 
rapidly converted to oxides via the mechanism published by dos Santos Afonso and 
Stumm [18] (see section 1.1).  The proliferation of ruptured and incipient blisters shown 
in Figure 8.23a confirms that this is the case.  That direct conversion of sulphide to 
oxide is slow is supported by a comparison of the SEM images in Figures 8.18b and 
8.23b, which show only minor surface presence of maghemite from the mackinawite.  
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This comparison also illustrates the porosity of the mackinawite deposit suggesting 
many locations will be available to initiate the under-deposit process.  Once initiated, the 
under-deposit process proceeds rapidly leading to the detachment of the sulphide.  Since 
mackinawite is electrically conducting it is likely that rapid undermining can even be 
supported by O2 reduction on the outside of the film. A schematic illustration of this 
mechanism is shown in Figure 8.28. 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.28:  Schematic illustration of the proposed film blistering mechanism within a 
sulphide-rich region of a steel surface (Figure 8.19). Corrosion occurs via an 
under-deposit process (fast reaction), and by conversion of the mackinawite 
layer to maghemite and sulphur (slow reaction).  
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8.4  Summary and Conclusions: 
 
The above results can be usefully summarized according the effect of species 
added on existing materials, as per below: 
 
(1) The influence of sulphide on anaerobically formed oxide: When the steel surface 
is covered by a thin, only partially protective, layer of magnetite and siderite, the 
addition of sulphide causes an increase in corrosion rate and the accumulation of 
mackinawite at the outer film/solution interface.  Residual magnetite remains on 
the surface indicating its complete conversion to sulphide is slow. 
 
(2) The influence of sulphide on aerobically formed oxide: When aerobically formed, 
goethite-covered tubercles are present on an otherwise goethite-covered surface, 
the addition of sulphide leads to the slow corrosion of the general surface leading 
to the accumulation of mackinawite.  The inability to detect mackinawite at 
tubercle sites may indicate sulphide corrosion is confined to regions under the 
goethite tubercle cap. 
 
(3) The influence of sulphide on anaerobic corrosion after an extensive series of 
anaerobic-aerobic cycles: Sufficiently thick oxides appear fairly unreactive in the 
presence of sulphide (at least within the 36 days of exposure), although nano-
sized, surface sulphide containing particles were detected.   
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(4) The influence of sulphide on a thin magnetite/siderite layer under anaerobic 
conditions: At low sulphide concentrations such a layer appears protective, but the 
initially formed magnetite eventually converts to a mix of mackinawite and pyrite 
as the sulphide concentration increases. 
 
(5) The influence of oxygen on anaerobically-formed iron sulphide films:  Surface 
blistering occurred when the sulphide solution was aerated.  Blistering occurred 
via an under-deposit corrosion process leading to the formation of iron oxy-
hydroxides.  This process starts at pores in the sulphide layer and proceeds rapidly 
at the sulphide-steel interface, leading to delamination of the weakly adherent 
mackinawite film.  
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Chapter 9 
 
SUMMARY AND FUTURE WORK 
 
9.1   Project Summary 
 
The overall research goal of this thesis was to investigate details from the six 
proposed external pipeline corrosion scenarios for carbon steel in alkaline soil.  Highly 
specific corrosion mechanisms were developed to explain the expected corrosion 
behaviour for individual scenarios, anaerobic corrosion, anaerobic corrosion turning 
aerobic, and the corrosion scenarios involving microbially induced corrosion (MIC).  
These achievements were partly accomplished by matching laboratory observations such 
as the identity of corrosion product deposits and the associated corrosion rates with 
similar data obtained via field sampling methods.  Of particular note from laboratory 
results, it was generally observed that steel corrosion behaviour increases drastically 
when redox conditions are changed (e.g., when a system is switched from anaerobic to 
aerobic conditions).  The steel corrosion rate never appears to decrease to the previous 
levels during a return to previous conditions (e.g., aerobic corrosion switching back to 
anaerobic corrosion). 
For “nominally” anaerobic corrosion (Chapter 3), a specimen partially covered 
with a preformed layer of siderite and magnetite initially established the very negative 
ECORR expected for anaerobic conditions, –800 mV (vs. SCE), and low corrosion rates of 
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~ 10 μm yr–1.  Eventually, over a period of 25 days, the potential increases to –550 mV 
leading to a 6-fold increase in corrosion rate, as indicated by linear polarization resistance 
(LPR) measurements.  A transition in film properties was confirmed by changes in 
electrochemical impedance spectroscopy (EIS) measurements.  The primary driving force 
for the transition is the separation of anodic and cathodic sites and development of film 
porosity; oxygen appeared to aid in the initiation of the film transition process.  
Chapters 4 and 5 focused on the effect of successive anaerobic-aerobic cycles on 
the corrosion behaviour of pretreated carbon steel exposed to near-neutral pH saline 
solutions.  Over the 202 days following the transition described above, successive 
anaerobic-aerobic cycles eventually lead to the concentration of corrosion processes 
eventually at a few sites with time.  The occurrence of a localized corrosion mechanism is 
demonstrated by surface analyses results, which reveal that > 75% of the steel coupon is 
covered with a black, compact maghemite (γ-FeOOH)-dominated film (~ 4.5 μm thick), 
while the remaining 25% is covered by an orange, flaky tubercle (~ 3-4 mm in cross 
section) covering a pit at least ~ 275 μm deep.  This thick film inhibits changes to ECORR 
and corrosion rates when sulphide is added to the solution, in contrast to bare steel 
surfaces where sulphide produces sizeable drops in ECORR and increases in corrosion 
rates. 
EIS was used to monitor the evolution of the corrosion process, and clearly 
demonstrated the concentration of corrosion in one (or more) localized pitting processes 
over the > 200 day duration of the experiment.  Based on literature reports, O2 reduction 
primarily occurs within the rust layer of the tubercle, not at the metal/electrolyte interface 
and this was observed by EIS.  Under anaerobic conditions, the reduction of active oxides 
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(i.e., γ-FeOOH), present within the tubercle, couples to metal oxidation to temporarily 
sustain corrosion.  The regeneration of FeII phases via this autocatalytic process during 
anaerobic corrosion periods allows active tubercle corrosion during subsequent aerobic 
periods. 
The corrosion scenarios involving groundwaters containing sulphide were 
investigated by two methods: (1) a sulfate reducing bacteria (SRB) dominant consortium 
was used as a biological source of sulphide and the morphologies and phases formed 
compared to those formed in inorganic sulphide solutions; and, (2) inorganic sulphide 
(e.g. Na2S) was used as an analog to simulate microbial conditions to provide investigate 
on Fe-S interactions.  The results in Chapters 6-8 can be summarized as follows: 
 
 Raman analyses of iron sulphide films formed both biologically and inorganically 
under anaerobic conditions indicate mackinawite, Fex+1S, is the dominant phase. 
 
• Stressed SRB form putative nanowires on steel in low nutrient, biological 
environments.  The significance of this finding is the nanowires may act as a 
device to capture electrons from the steel directly, or as a means to capture 
molecular hydrogen (an alternative electron donor for SRB). 
 
 Addition of 5 x 10–4 mol L–1 sulphide to steel, which had been pre-corroded 
anaerobically, caused only a slight increase in ECORR.  However, the thin 
magnetite/siderite film formed by pre-corrosion is not protective as the corrosion 
rate slowly increased by a factor of 3 upon addition of HS–.   
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 Steel without a preformed layer of magnetite and siderite establishes a low ECORR 
(< –800 mV) and a very low corrosion rate in the presence of sulphide.  Surface 
analyses reveal a uniform, porous mackinawite layer (Chapter 8).  Both ECORR (> 
–500 mV) and the corrosion rate increased upon exposure to oxygen, indicating 
the sulphide film is only slightly protective (Chapter 7).  Oxygen leads to 
corrosion at the steel/sulphide film interface leading to the blistering of the 
mackinawite film and the formation of a sublayer of maghemite instead.  
 
 A switch from anaerobic to aerobic conditions, in the presence or absence of 
sulphide, polarized the steel to more noble potentials for both pretreated and 
untreated steel; eventually for both cases, a steady-state ECORR value of ~  –550 
mV is achieved. 
 
 Combinations of oxygen and sulphide for untreated steel lead to the highest 
corrosion rates, when compared to rates observed during anaerobic corrosion with 
sulphide (Chapter 7).  Exposure of untreated steel to aerobic conditions leads to 
goethite, α-FeOOH, and magnetite formation.  Subsequent exposure to sulphide 
leads to only a slight variation in ECORR, but a substantial increase in the corrosion 
rate.  In addition, the surface turns from orange, indicating the presence of 
goethite, to black, demonstrating the formation of mackinawite. 
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 A series of anaerobic-aerobic corrosion cycles, lasting > 200 days, forms a thick 
corrosion deposit layer; subsequent addition of 1 x 10–3 mol L–1 sulphide did not 
significantly change the corrosion behaviour of the steel.  However, sulphide-
containing nano-particles do form on the surface of the maghemite layer.  This 
indicates that the conversion of iron oxides to sulphides is kinetically slow. 
 
9.2 Future Work 
 
 
• The majority of the experiments performed were conducted in concentrated 
solutions.  These solutions were selected to reduce solution resistance allowing 
optimal electrochemical measurements.  However, they are not representative of 
field conditions.  To approach real conditions, future corrosion potential and 
corrosion rate measurements and film analyses should be made in exposure 
solutions with more dilute concentrations of electrolyte closer to those expected 
for groundwaters. 
 
• The siderite, FeCO3, film formed in Chapter 3, under “nominally” anaerobic 
corrosion is crystalline in nature (i.e., not the pasty siderite commonly found at 
field sites).  Future work should include attempts to form siderite deposits more 
representative of those observed at anaerobic field sites. 
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• Wet/dry exposures should be considered as part of future studies, since it is more 
representative of actual anaerobic (wet)-aerobic (dry) cycles observed at field 
sites. 
 
• While the long term anaerobic-aerobic cycling experiment (Chapters 4 and 5) is 
extensive enough to monitor changes in redox conditions and to characterize the 
transformation from general to localized corrosion behaviour, the pores cannot be 
fully characterized in a single long experiment.  Experiments over shorter 
exposure periods would help demonstrate the processes controlling the onset and 
propagation of tubercle formation.   
 
• Performing a long term aerobic corrosion experiments would be useful to 
compare changes in ECORR and corrosion rate to those observed during the long 
term anaerobic-aerobic cycling experiment (Chapters 4 and 5).  In an environment 
continuously purged with O2, while ECORR and corrosion rates might be initially 
high, based on the behaviour observed during anaerobic-aerobic cycles (Chapter 
4), corrosion rates would be expected to eventually decrease (while ECORR 
remains positive) as iron(III) oxide formation proceeds and produces more 
protective films. 
 
• In Chapter 6, the SRB-dominated bacteria consortium used was extracted from a 
salt-rich oil well.  SRB located near pipelines typically thrive in minimal salts. 
While, the morphological differences between bacterial strands may be marginal, 
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future MIC work should use consortiums extracted from soils located near 
pipelines and supported by low nutrient levels.   
 
• As was discussed in Chapter 6, stressed bacteria in low nutrient environments 
appear to show preference in the locations they colonize.  This phenomenon 
might be related to specific iron phases (e.g. ferrite, cementite, and pearlite) being 
preferentially anodic or cathodic.  One way to test this hypothesis is to use 
scanning electrochemical microscopy (SECM), or conductive atomic force 
microscopy (AFM), under anaerobic conditions, to monitor changes in localized 
current density between iron phases at various applied potentials.  An attempt 
could then be made to correlate the results of the surface analyses with specific 
areas colonized by bacteria. 
 
• One area not fully investigated in our studies is microbially induced pitting.  
Future experiments could include cross sectioning samples to determine which 
conditions (e.g. low or high biological nutrients) induce pitting, and to what 
extent (i.e., number and depth of pits).  A comparison of biofilm formation on 
carbon steel to iron and/or other metals would also be useful.  Such experiments 
would help determine whether SRB are capable of forming nanowires on a variety 
of materials, or whether it is specific to carbon steel. 
 
• Electrochemical investigations (e.g. cyclic voltammatry and potentiostatic 
experiments at rotating disk electrodes) should be conducted in sulphide-
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containing solutions by varying the [HS–] as a function of applied potential and as 
a function of the concentration of groundwater species such as carbonate/ 
bicarbonate, sulphate, and chloride.  Electrochemical investigations, combined 
with appropriate surface analyses (e.g. scanning electron microscopy and in situ 
Raman spectroscopy) would help define the potential region within which iron 
oxy-hydroxide to sulphide conversion processes occur in near-neutral pH 
solutions. 
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